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In this paper we report the successful incorporation of sulfate and phosphate into SrCoOs leading to a
change from a 2H- to a 3C-perovskite polymorph. Structural characterization by neutron diffraction
showed extra weak peaks related to oxygen vacancy ordering, and these could be indexed on an
expanded tetragonal cell, containing two inequivalent Co sites, similar to previously reported for Sb
doped SrCoOs. Conductivity measurements on the doped systems showed a large enhancement
compared to the undoped hexagonal system, consistent with corner-sharing of CoOg octahedra for
the former. Further work on the doped samples shows, however, that they are metastable, transforming
back to the hexagonal cell on annealing at intermediate temperatures. The incorporation of Fe was
shown, however, to improve the stability at intermediate temperatures, and these co-doped phases also
showed high conductivities.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) have attracted considerable
interest as an energy generation technology due to their high
efficiencies and accompanying low greenhouse gas emissions.
For the cathodes of SOFCs, research into new materials has been
dominated by materials based on the perovskite structure,
due to their generally high electronic conductivities and catalytic
activity [1-3]. Traditional doping strategies for such materials
have involved the partial substitution of aliovalent cations with
similar size, e.g. Sr doping for La in LaMnOs. Recently we have
proposed an alternative doping strategy for perovskite systems
with potential applications in SOFCs, namely the introduction of
oxyanions (e.g. phosphate, sulfate). This work was inspired by
prior work on cuprate perovskites, related to high temperature
superconductors, which showed that the perovskite structure
could incorporate significant levels of oxyanions (carbonate,
nitrate, sulfate, phosphate) [4-21]. In order to investigate the
potential of SOFC related materials to accommodate such oxya-
nions, we initially investigated doping into the ionic conductor
Ba,In,0s. This work showed that phosphate and sulfate could be
introduced into BayIny0s, leading to a structural change from
brownmillerite, containing ordered oxide ion vacancies, to a cubic
perovskite, where the oxide ion vacancies are disordered [22,23]. As a
result of the higher symmetry, an increase in the ionic conductivity
below 800 °C was observed. In addition an improvement in the
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stability of the compounds towards CO, containing atmospheres was
observed [24]. In this paper we extend this work to materials with
potential as electrode materials, investigating incorporation of phos-
phate and sulfate into SrCoOs_,. The SrCoO;_, system has attracted
significant interest as a promising SOFC cathode material. However,
at temperatures below 900 °C the undoped phase adopts a hexagonal
perovskite polymorph with low conductivity [25-27]. Detailed struc-
tural studies have indicated that this hexagonal phase is Co deficient,
composition SrgCos015, containing face sharing of CoOg octahedra,
similar to that of 2H-BaNiO3 [27]. The formation of a hexagonal
perovskite can be related to the high (> 1.0) tolerance factor for
undoped SrCo0s_,. Doping SrCoO5_,, on the Co site with a range of
cations, e.g. Nb, Sb, Si has been shown to alter the stacking arrange-
ment of the close packed oxygen layers from purely hexagonal to
purely cubic (referred to as 2H and 3C, respectively). The consequent
change from face-shared to corner linked CoOg octahedra, leads to a
substantial enhancement in the electronic conductivity [28-32]. This
stabilization of the 3C-perovskite framework on Nb, Sb, Si doping can
be attributed to a partial reduction of Co** to Co®*, thus increasing
the perovskite B cation size, and hence reducing the tolerance factor.
In this paper, we examine the effect of phosphate and sulfate doping
on the stabilization of the 3C-perovskite polymorph.

2. Experimental

High purity SrCOs, Cos04 and NH4H,PO4 and (NH4),SO4
were used to prepare SrCo;_S/P)Os;_, samples (considering the
incorporation as PO3~/SOZ~ the formula could also be written as
SrCoq _ x(PO4/SO4)¢03 4« ). For the subsequently prepared Fe doped
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samples, Fe,O; was used as the Fe source. The powders were
intimately ground (agate mortar and pestle) and heated initially to
1100 °C for 12 h. They were then ball-milled (350 rpm for 1 h, Fritsch
Pulverisette 7 Planetary Mill, zirconia balls and container) and
reheated to 1200 °C for a further 12 h. Powder X-ray diffraction
(Bruker D8 diffractometer with Cu Ko; radiation) was used to
demonstrate phase purity. In order to obtain further details regarding
the structures of these doped phases, neutron diffraction data were
collected on the HRPT diffractometer at SINQ (Paul Scherrer Institute,
Villigen, Switzerland). For these samples, the as-prepared powders
were furnace cooled to 350 °C and then held at this temperature for
12 h to ensure full oxygenation and hence allow a direct comparison
with the conductivity data. Structure refinement made use of the
GSAS suite of programs [33,34].

Pellets for conductivity measurements were prepared as fol-
lows: the pure powders, synthesized above, were first ball-milled
(350 rpm for 1 h, Fritsch Pulverisette 7 Planetary Mill, zirconia
balls and container), before pressing as pellets (1.3 cm diameter)
and sintering at 1100 °C for 10 h. Four Pt electrodes were attached
with Pt paste, and the pellet fired to 1000 °C in air for 1h to
ensure bonding to the pellet. The pellets were then furnace cooled
to 350 °C and then held at this temperature for 12 h to ensure full
oxygenation. The Pt electrodes were attached to 4 Pt wires in an
alumina measurement jig, which was then placed in a Carbolite
VST 12 furnace. Electronic conductivities were then measured
using the 4 probe d.c. method (Thurlby Thandar instruments
current source (TT PL310), and digital multimeter (TT 1604)).

3. Results and discussion
3.1. X-ray diffraction data

The X-ray diffraction data showed that without any phosphate
doping (x=0), the sample was a hexagonal perovskite, SrgCo501s,
plus small concentrations of Co304 oxide impurities, as previously
reported [27]. On the incorporation of a small amount of phos-
phate (x=0.03), the 3C-perovskite phase was obtained, and single
phase samples could be achieved for x < 0.07 (Fig. 1). For higher
phosphate levels, small concentrations of Sro(PO4)s(OH), impu-
rities were observed. Similar results were observed for sulfate
doping, with an initial stabilization of the 3C-phase for low
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Fig. 1. Powder X-ray diffraction profiles for SrCo; _xPxO3_,. Also included is the X-
ray diffraction profile for a Co deficient sample with no added phosphate
(SrCog9303_y), showing that, without phosphate doping, the hexagonal poly-
morph is obtained even for such Co deficient samples.
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Fig. 2. Powder X-ray diffraction profiles for SrCo; _,S¢05_,.

doping levels (x=0.03), and a maximum substitution limit of
x=0.07 (Fig. 2). Confirmation of the importance of phosphate/
sulfate was shown by the fact that equivalent Co deficient
samples SrCo; 403 _, with no added sulfate/phosphate gave the
hexagonal polymorph (Fig. 1).

This stabilization of the 3C-perovskite structure can be attrib-
uted to partial reduction of Co** to Co®™*, similar to observed for
Sb, Nb doped SrCoOs_, [28-31]. There are two driving forces for
the partial reduction in the Co oxidation state:

1. Co** is being partially replaced by higher valent P>+/S®.

2. The introduction of P/S on the perovskite B cation site requires
the creation of oxygen vacancies to convert the coordination to
tetrahedral (as required for PO3~/SO3 ), which in turn leads to
a requirement for partial reduction of Co.

To describe these effects we can write the following defect
equations for PO3~/SO3~ incorporation:

NH4H,PO4+4Coco+ 00—
Péo+3Coco’ +Vo" 43402 +NHs +3/,H,0 -+ Co0, (1)
(NH4)2SO4 +5Coco+00—
S¢e +4Cocy +V5" +05+2NH3 +H,0+Co0, (2)

As can be seen from Eqs. (1) and (2), the introduction of
phosphate and sulfate groups will lead to significant reduction of
the Co oxidation state. The stabilization of the 3C-perovskite
polymorph on sulfate and phosphate doping can then be related
to the increased Co®>* level, and hence average B cation size,
reducing the tolerance factor. It is also possible that the presence
of PO37/SO3~ units may help to disfavor the presence of face
sharing, thus promoting corner sharing and hence the formation
of the 3C-perovskite.

3.2. Electronic conductivity data

Following the observation of the formation of a 3C-perovskite
structure on sulfate/phosphate doping, the conductivities of these
phases were then analyzed. These data showed a significant
enhancement in the conductivity (Table 1, Figs. 3 and 4), consistent
with a change from a 2H-polymorph with face sharing of octahedra,
to a 3C-polymorph with corner sharing. For the phosphate doped
samples, the highest conductivity was observed for x=0.05, while
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Table 1
Conductivities (Scm™1') for SrCoy_xZx03_y (Z=P, S) at room temperature and
600 °C.

Nominal Composition Phosphate doped Sulfate doped

25°C 600 °C 25°C 600 °C
SrCo0s3_), 1.7 6.7 1.7 6.7
S1rC00.9720.0303_y 204 100 189 120
SrC00.95Z0.0503_y 323 128 58 25
SrC00.93Z0.0703_y 67 29 66 42
SrCoo.85F€0.120.0s03 —y 125 63 36 71
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Fig. 3. Temperature dependence of the electronic conductivity for SrCo; _xPyO3_,.
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Fig. 4. Temperature dependence of the electronic conductivity data for SrCo; _,S,03_.

for sulfate doping the highest conductivity was for x=0.03. While S,
P doping enhances the electronic conductivity by stabilising the 3C-
perovskite, it will also have a negative effect in terms of partially
disrupting the Co-O network. Hence for S doping, the highest
conductivity is observed for the lowest S dopant level that stabilises
the 3C-perovskite. In contrast, for P doping, the higher conductivity
was observed for x=0.05 compared to x=0.03.

While these initial conductivity results showed very high
values, further work on thermal cycling of the sample resulted
in a gradual reduction in conductivity. Furthermore, annealing the
samples overnight at intermediate temperatures ( ~ 750 °C) led to
a large decrease in conductivity, with X-ray diffraction indicating
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Fig. 5. Temperature dependence of the electronic conductivity data for SrCogg_ x-
FeO.l(P/S)XOB—y

the conversion to the hexagonal perovskite. Thus it would appear
as if the doped phases are metastable, and so the lower con-
ductivity on phosphate doping for the x=0.03 compared to the
x=0.05 sample may be related to the presence of local regions of
hexagonal symmetry. Similar results demonstrating metastability
of the 3C-perovskite structure have been shown in a number of
other studies on SrCoOs and related systems [35,36].

In order to try to improve the thermodynamic stability of these
oxyanion doped phases, co-doping with Fe was examined. This
work showed that the additional incorporation of 10 mol% Fe in
place of Co helped to stabilize the 3C-perovskite phase, with
phases with compositions SrCoggsFeg1(P/S)o.0503-, showing
good stability (no observed changes in X-ray diffraction pattern
on annealing overnight at 750 °C), with high conductivities still
observed (Table 1, Fig. 5).

The conductivities for all samples show a decrease above
~ 350 °C, which can be attributed to oxygen loss above this
temperature, as observed in related studies on doping SrCoOs
with similar size cations (Nb, Sb) [28-31].

3.3. Neutron diffraction structural study of phosphate doped
samples

The structures of three phosphate doped samples, SrCo; _ P05,
(x=0.03, 0.07) and SrCoggsFe1Poo703_,, were examined using
neutron diffraction. The neutron diffraction data showed the pre-
sence of extra peaks not apparent in the X-ray diffraction data, and
their intensity reduced with increasing phosphate content. These
extra peaks were indexed to an expanded tetragonal P4/mmm cell
(Fig. 6), which has been correlated to a degree of oxygen vacancy
ordering, as seen previously for related studies on Sb doping [31].
This leads to preferential accommodation of the oxide ion vacancies
in the 02, and O3 sites surrounding the Co2 site, along with a
preferential occupation of this site by P.

The final refined structural data are given in Tables 2, 4, and 6
with selected bond distances in Tables 3, 5, and 7. The observed,
calculated, and difference profiles are given in Figs. 7-9. In these
refinements the atomic displacement parameters for the oxygen
sites were constrained to be equal, as were the parameters for the
Co sites. The final refined values for the P content are in good
agreement with those expected from the starting composi-
tion. For the Fe doped sample, SrCoq gsFeq 1Po.0703_, it was not
possible to refine independent Co, Fe, P occupancies due to the
presence of too many variables. Consequently the P content was
fixed at that expected and assumed to be located on the Co2 site,
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Table 5
Bond distances for SrCog.93P0.0703 —y.

Bond Bond length (A)
Co1-01 (x4) 1.93402 (7)
Co1-02 (x2) 1.965 (4)
C02/P2-02 (x2) 1.904 (4)
C02/P2-03 (x4) 1.93402 (7)
Sr1-01 (x4) 2.6922 (15)
Sr1-02 (x4) 273669 (16)
Sr1-03 (x4) 2.7798 (15)

Table 6
Structural parameters for SrCog s3Feg.1Po.0703_y.

Atom X y z 100Uiso Occupancy
Col 0 0 0 1.04 (4) 0.90 (1)
Co2 0 0 0.5 1.04 (4) 0.82 (1)
sr1 0.5 0.5 0.2446 (4) 1.60 (2) 1
o1 0.5 0 0 226 (2) 1
02 0 0 0.2533 (8) 226 (2) 0.69 (1)
03 0.5 0 0.5 226 (2) 0.82 (1)
Fel 0 0 0 1.04 (4) 0.10 (1)
Fe2 0 0 05 1.04 (4) 0.04 (1)
P2 0 0 0.5 1.04 (4) 0.14
Fig. 6. Structure of oxyanion doped SrCoO5_, showing the presence of two Co sites: Space group PA/mmm, a=3.8675(1) A, c=7.7411(5) A, ¥2=3.362, Rwp=3.12%.
the P, S (from the phosphate, sulfate groups) preferentially substitute at the Co2 site.
Table 2
Table 7

Structural parameters for SrCog.97P0.0303 - Bond distances for SrConcsFeq 1ParO
'0.831%0.110.07VY3 —y-

Atom X y z 100Uiso Occupancy
Bond Bond length (A)
Col 0 0 0 1.28 (4) 1
Co2 0 0 0.5 1.28 (4) 0.94 (3) Co1/Fe1-01 (x4) 1.93377 (5)
Srl 0.5 0.5 0.2354 (2) 1.19 (3) 1 Col/Fe1-02 (x2) 1.961 (6)
01 0.5 0 0 254 (2) 1 Co2/P2[Fe2-02 (x2) 1.909 (6)
02 0 0 0.2547 (3) 254 (2) 0.83 (2) Co2/P2[Fe2-03 (x4) 1.93377 (5)
03 0.5 0 0.5 2.54 (2) 0.79 (1) Sr1-01 (x4) 2.7067 (21)
P2 0 0 0.5 1.28 (4) 0.06 (3) Sr1-02 (x4) 2.73559 (15)
Sr1-03 (x4) 2.7653 (22)
Space group P4/mmm, a=3.86123(9) A, c=7.7330(5) A, y*=7.063, Rwp=3.8%.
Table 3 x
Bond distances for SrC0¢.97P0.0303—y. 4 3
Bond Bond length (A) :
4 *

Co1-01 (x4) 1.93061 (4)

Co01-02 (x2) 1.9695 (27)

C02/P2-02 (x2) 1.8970 (27) i

C02/P2-03 (x4) 1.93061 (4)

Sr1-01 (x4) 2.6535 (11)

Sr1-02 (x4) 2.73437 (15) |

Sr1-03 (x4) 2.8132 (12)

Table 4
Structural parameters for SrCo.93Po.0703 —y. T T T T O Y B O Il [
) 0.5 1.0 1.5 20 25 3.0
Atom X y z 100Uiso Occupancy .
D-spacing A
Col 0 0 0 1.49 (3) 1
Co2 0 0 05 1.49 (3) 0.83 (2) Fig. 7. Observed, calculated and difference neutron diffraction profiles for
srl 0.5 0.5 0.2420 (3) 1.51 (2) 1 SrC00.97P0.0303 .
01 0.5 0 0 244 (2) 1
02 0 0 02539 () 244 (2) 0.77 (1) as observed for the SrCo; _,PyO3_, samples. The Fe/Co content
03 0.5 0 0.5 244 (2) 0.80 (1) . .
P 0 0 05 149 (3) 0.17 (2) across each site was then varied.

The expanded tetragonal cell leads to two Co sites (Fig. 6), with
Space group P4/mmm, a=3.8680(1) A, c=7.7393(7) A, y*>=4.354, Rwp=2.87%. a preference for the location of the P (from the phosphate groups)
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T T T
0.5 1.0 1.5 2.0 2.5 3.0
D-Spacing A

Fig. 8. Observed, calculated and difference neutron diffraction profiles for
SrC00.93P0.0703_y.

05 1.0 15 2.0 25 3.0
D-spacing A

Fig. 9. Observed, calculated and difference neutron diffraction profiles for
SrCoo g3Feo.1Po.0703 _y.

at the Co2 site, which has oxide ion vacancies around it. For the Fe
doped samples, the refinement indicates a small preference for Fe
in the Co1 site. The two Co sites show different bond lengths, with
the (Co1)Og octahedra showing slightly longer apical bond
lengths, while for the (Co2)0Og octahedra, the apical bond lengths
are shorter. The distortions are, however, much smaller than
previously observed for Sb doped SrCoOs_,, where much larger
bond length differences were observed between the two Co sites
(maximum difference in the present study=0.07 A, compared to
0.3 A for Sb doped SrCoO;_,)[31]. Moreover, in this study, the
shorter apical bond lengths are to the Co2 site rather than the Co1l
site, which may be related to the smaller dopant in the present
study. The oxide ion vacancies are preferentially located in the 02
and O3 sites surrounding the Co2/P2 site. High atomic displace-
ment parameters were observed for the oxide ion sites, as
previously observed for Sb doped SrCoOs_,, which in the latter
has been attributed to dynamical tilting of the octahedral [31]. In
the present systems, a further contribution to these high values
will be due to local distortions caused by the presence of sulfate
and phosphate groups. In particular, the oxide ions for these

oxyanions will be significantly displaced from the ideal oxide ion
sites in the structure to achieve the required tetrahedral geometry
for phosphate. However, it was not possible to refine separate
positions for these oxide ion sites, due to the low levels and the
likely variation in orientation, as seen in other studies of oxyanion
containing perovskites [6,21].

4. Conclusions

In this work, phosphate and sulfate were successfully incor-
porated into the perovskite structure of SrCoOs_, leading to an
enhancement of the electronic conductivity, attributed to a
change from a 2H- to a 3C-perovskite. The 3C-perovskite was,
however, shown to be metastable and converted back to the
hexagonal perovskite on annealing at intermediate temperatures
(~ 750 °C). The thermodynamic stability was improved by co-
doping with Fe, with high conductivity maintained, suggesting
that these co-doped systems may have potential as SOFC cathode
materials.
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