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The new non-stoichiometric mixed perovskite SrMng sNbg sO;_s has a cubic double perovskite structure
similar to that of Sro,CrNbOg with space group Fm3m (225), a = 7.9338(3) A, V = 499.39(6) A3 according
to X-ray diffraction. The material is redox stable and maintains its structure in a reducing atmosphere. After
reducing in 5% H, at 900 °C for 6 hours, SrMn, sNbg sO5_ still exhibits a cubic structure with space group
Pm3m (221), a = 4.0022(5) A, V = 64.10(8) A®. A lattice volume expansion of 2.7% was observed during the
reduction. TGA analysis indicates SrMng sNbg sO5_s loses 0.125 oxygen per formula unit from 500 to 950 °C
in 5% H,. This weight change is consistent with a reduction from SrMng sNbg sO3 to StMng sNbg 505 g75. The

morphology of this material does not significantly change on reduction according to SEM observation. A.c.
impedance measurements indicate that electronic conduction is probably dominant both in air and 5% H,.

The conductivities of this material in air, humidified 5% H, and 5% H, were 1.23, 6.4 x 1072 and 3.1 x

1072 S cm™! respectively at 900 °C. The decrease of d.c. conductivity of StMng sNby 5035 at po, below

10™'? atm indicates p-type electronic conduction. The higher apparent conduction activation energy and lower
conductivity in H, than in air may be due to the contribution of lattice expansion which results in poorer
overlap of both ¢ and = bonds, which makes the hopping of electron holes more difficult. The d.c. conductivity
of SrMng sNby 5035 at low po, exhibits a pozw’ dependence that is interpreted by a simple defect chemistry

model.

1. Introduction

Mixed ionic—electronic conductors (MIECs) which exhibit
both electronic and ionic conductivity have numerous techno-
logical applications such as electrodes for solid oxide fuel cells
(SOFCs), gas semi-permeation membranes, water electrolysis
and electrocatalytic reactions.'™ It has been reported that
some non-stoichiometric mixed perovskites with formula
A3B'1 4+ B">_09_; where A is an alkali earth element Ca, Sr,
Ba etc., B’ is an element with valence +2 or +3 and B” is an
element with valence +5, such as Nb and Ta, exhibit quite high
proton and oxygen-ion conductivity.®'! It is expected that
mixed ionic and electronic conductors may be found in these
compounds if the B-sites are partially substituted by appro-
priate first row transition elements. Such mixed conductors
may provide potential anode materials for fuel cell applica-
tions. The requirements for SOFC anode materials are good
chemical and mechanical stability under SOFC operating
conditions, high ionic (0>~ or H") and electronic conductivity
over a wide range of po, and good chemical and thermal
compatibility with electrolyte and interconnect materials. The
conductivity and stability should be investigated first when
exploring new materials for such applications. First row
transition elements from group VIII or below are chemically
stable in a reducing atmosphere at high temperature, which are
SOFC anode conditions. Manganese is of particular interest
because Mn promotes electrochemical reaction as an electro-
catalyst coated on YSZ electrolyte and reduces overpotential.'?
As reported by Glockner et al.,'® Sr3Sr; sNby sOg_5 exhibits
quite high ionic conductivity at elevated temperature. It is
expected that some mixed conductors may be obtained if
strontium at B-sites is replaced by manganese. Therefore, in
this paper, we report the structure, stability and electrical
properties of a new perovskite oxide SrMng sNbg sO3_s. [tis a
partially ordered double perovskite oxide in air and a primi-
tive perovskite in 5% H, according to XRD analysis. For
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convenience, the formula of the sample in both atmospheres is
written as SrMng sNbg sO5_s5 from the chemical composition,
disregarding the structure aspects.

2. Experimental

SrMng sNby sO3_s was synthesised by solid state reaction
using SrCO3;, MnO, and Nb,Os as starting materials. SrCOj3
and MnO, were dried at 100-300 °C, Nb,Os at 500 °C
overnight to remove absorbed H,O and CO,. Stoichiometric
amounts were mixed and ball milled in zirconia containers
with zirconia balls for two 15 minute periods. The final firing
temperature was 1400 °C with intermediate grindings until a
single phase was obtained. To study the phase stability of the
material in reducing atmospheres, the sample obtained at
1400 °C was further heated at 900 °C for 6 hours and cooled
down to room temperature in 5%H,.

XRD analyses of powders reacted at different temperatures
were carried out on a Stoe Stadi-P diffractometer to determine
phase purity and measure crystal parameters. Structure refine-
ment was performed by the Rietveld method using the program
General Structure Analysis System (GSAS).'* Thermal ana-
lysis of SrMng sNbj sO3_s was carried out on a Rheometric
Scientific TG 1000 M Plus, and a TA Instruments SDT2960
from room temperature to 950 °C (5 °C min "), holding at
950 °C for 30 minutes then cooling down to 30 °C (10 °C min ')
under flowing 5% H, in argon at a rate of 35 ml min~'. SEM
observations were carried out on a JEOL 5600 scanning
electron microscopy.

For a.c. impedance measurements in air, a Schlumberger
Solartron 1260 Frequency Response Analyser coupled with a
1287 Electrochemical Interface controlled by Zplot electro-
chemical impedance software was used over the frequency
range 1 MHz to 100 mHz. A.c. impedance measurements were
made in 50 °C steps in air between 600 and 900 °C. The d.c.

DOI: 10.1039/b204248¢

This journal is © The Royal Society of Chemistry 2002



X10E 4
4.0

3.0

2.0

1.0

' [ [ [ ot oo o o
4 "
Y

0.0

Counts

1 | 1 1 1 1 1 1 1 1 1
10.0 20.0 30.0 40.0 50.0 60.0 70.0 BO.O0 90.¢ 100.0110.0
2-Theta, deg

Fig. 1 X-Ray diffraction profiles of SrMngsNbgsO;_s formed at
1400 °C, showing observed pattern, peak positions and difference
profile for Fm3m, a = 7.9338(3) A.

conductivity was measured by a conventional four-terminal
method using a Keithley 220 Programmable Current Source
to control current and a Schlumberger Solartron 7150 Digital
Multimeter to measure the voltage. The SrMng sNbgysO5—5
samples were mounted with four Pt wire electrodes to measure
the d.c. conductivity dependence upon po, in a slowly varying
atmosphere, which was monitored by a zirconia oxygen sensor.
The conductivity in air was measured by the four-terminal d.c.
method and in wet and normal 5% H, by a.c. impedance. The
wet hydrogen was supplied by bubbling 5% H,/95% Ar through
room temperature water. The composition of wet hydrogen is
approximately 4.9% Ho,, 2.3% H,O and 92.8% Ar.

3. Results and discussion

The new phase, SrMng sNby sO3;_; was obtained on reaction
of the carbonate and oxide precursors. The final firing con-
ditions were 1400 °C for 12 hours. The phase is basically pure
except for a very weak peak with relative intensity 0.6% at 20 ~
36.17° or (d ~ 2.48 A). Possible matches are the strongest (211)
peak of Mn3;O,4 (JCPDS No. 24-734) or the (021) peak of MnO
(JCPDS No. 4-326), both possible stable forms of un-reacted
manganese oxide at elevated temperatures.'* After further
heating and grindings, a single perovskite phase was obtained.
Fig. 1 shows the X-ray diffraction patterns of StMng sNbg sO3_5
obtained at 1400 °C. Its pattern looks like a typical primitive
perovskite oxide; however, the appearance of a weak peak at
20 ~37.6° indicating that some extent of B-site ordering
may happen in the structure as in the case of Sr,CrNbOg '°
Therefore, space group Fm3m (225) was chosen for Rietveld
refinement using the GSAS program suite.'*> The two B-sites
are shared by both manganese and niobium with Mn-rich 4a
sites and Nb-rich 4b sites (Table 1). Refinement of the oxygen
site occupancy was not very conclusive due to the insensiti-
vity of powder X-ray diffraction to small variations in oxygen
content in the presence of higher atomic number elements
although the refinements were consistent with full occupation
of these sites. The oxygen occupancy at the 24e sites was fixed

Table 1 Structure parameters of SrMn sNby, sO; prepared at 1400 °C
from X-ray diffraction data

Atom  Site  Occupancy  x y z Usso (A?)
Sr 8c 1 0.25 0.25  0.25 0.0256(7)
Mn  4a 0.66(1) 0 0 0 00200)
Nb  4a  034(1) 0 0 0 0.0200(3)
Mn  4b  0.34(1) 0.5 0.5 0.5 003420
Nb  4b  0.66(1) 0.5 05 05  0034202)
o e 1 0.23558) 0 0 0.0447(17)

Note. Space group Fm3m (225); a = 7.9338(3) A, V = 499.39(6) A3.
Ry, = 525%, R, = 4.93%, Jrea> = 3.074.
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Fig.2 TGA analysis of SrMngsNbysOs;_s in 5%H,, heated at
10 °C min~! to 950 °C and then cooled at 10 °C min~".

at 1 during the refinement as the initial stoichiometry seems
most likely to be SrMng sNbg 503, as discussed below. The
thermal factors of manganese and niobium, which share the
same B-site, were constrained to be equal. After the refine-
ment, reasonable thermal factors, R-values and good pattern
fit were obtained indicating that it is a reasonable model. The
observed, calculated and difference profiles for the refinement
of SrMng sNbj sO5_s are shown in Fig. 1. The final refined
structure data are given in Table 1.

Fig. 2 shows the thermogravimetric analyses (TGA) of
SrMng sNbg s03_5 performed in dry 5% H,. The as-prepared
SrMn sNbg sO3_; started to lose mass at around 500 °C. The
total weight loss is 1.02 wt% between 500 and 950 °C which is
lower than the calculated weight loss 1.91 wt%. from Mn'" to
Mn'!. Tt is believed that manganese cannot be totally reduced
to Mn'" under these conditions because the conductivity of
SrMng sNbg sO3_5 in 5% H, (as shown later in Fig. 5) is signi-
ficantly higher than expected for having Mn'" and NbY at
B-sites (see later). It is uncertain whether Mn exhibits the
oxidation state of +3 in the sample obtained in air. It is most
likely that the manganese oxidation state is a mixture of +2
and +3 in 5% H,. It must also be assumed that niobium
maintains its +5 valence, as anticipated from TGA analysis of
pure Nb,Os, no significant mass change due to the reduction
of niobium was observed. Density measurements were using
standard pycnometric techniques. The obtained density was
5.63(5) gecm > compared to the theoretical values of 5.572 gcm >
for SrMnO,SNb0,503 and 5.519 g (311173 for SrMn0.5Nb0,502,g75‘
This value clearly indicates that the composition before
reduction is SrMngy sNbysO; as any oxygen vacancies, or
indeed cation vacancies, will reduce density even further below
the observed value. It is assumed that interstitials are not
present in this perovskite lattice. The slight weight gain for
SrMng sNbgy sO3_s during cooling may be attributed to the
reoxidation of the sample, although it could easily be drift due
to buoyancy effects.

TGA itself cannot directly determine the phase stability of
materials at high temperatures in the case of phase segrega-
tion. In order to further determine the chemical stability of
SrMng sNbg sO3_s in a reducing atmosphere, the as-prepared
SrMng sNbg s05_s obtained in air was reduced in 5% H»/95%
Ar for 6 hours and cooled down to room temperature under 5%
H,. XRD analysis indicates that the reduced SrMng sNbg sO3_5
is a single phase with a cubic structure indicating that
SrMn sNbg sO3_; is stable in 5% H; at 900 °C. A close profile
fit was achieved when the same model Pnmi3m (221) was used for
Rietveld refinement (Fig.3). The same strategy as for the
unreduced sample was applied during the refinement. Table 2
lists the final refined structure data. It was found that the lattice
parameter « for the primitive perovskite unit increased from
3.9681(2) to 4.0022(5) A. The cell volume expands 2.7% during
the reduction, which may be attributed to the reduction of
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Fig. 3 X-Ray diffraction profiles of StMn sNb, sO;_s after heating at
900 °C in 5% H, for 6 hours, showing observed pattern, peak positions
and difference profile for Pm3m, a = 4.0022(5) A.

Table 2 Structure parameters of SrMngsNby ;0,575 after firing at
900 °C in 5% H, for 6 hours from X-ray diffraction data

Atom Site Occupancy X y z Ussol A2

Sr la 1 0 0 0 0.0238(9)
Mn b 0.5 0.5 0.5 0.5 0.0141(9)
Nb b 0.5 0.5 0.5 0.5 0.0141(9)
(0] 3c 0.9583 0 0.5 0.5 0.0277(17)

Note. Space group Pm3m (221); a = 4.0022(5) A, V = 64.10(8) A°.
R, = 5.71%, R, = 5.27%, yrea® = 2.768.

manganese. The ionic sizes of Mn>* and Mn>* are 0.65 and
0.82 A, respectively, assuming a high spin configuration for
octahedrally coordinated Mn in the B-sites environment in a
primitive perovskite.'® The oxygen site occupancy again refined
too close to 1 and so was set to 0.9583 corresponding to
SrMnllys Mnlb NbYy 0, 575 as indicated by density and TG
measurements.

The SEM pictures of the powders before and after the reduc-
tion are shown in Fig. 4. The sample is quite homogeneous with
secondary particle size 5-10 pm (Fig. 4a). However, after the

Fig. 4 SEM pictures of SrMng sNby sO3_s formed at 1400 °C (a) and
after further heating at 900 °C in 5% H, for 6 hours (b).
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Fig. 5 The conductivity of SrMn, sNby sO;_; in air ([J) measured by
4-terminal d.c. methods and, in wet 5%H, (O) and 5% H, (A) measured
by a.c. impedance.

reduction, the sample becomes less homogeneous and particle
agglomeration was observed (Fig. 4b) although it is insignificant.

Besides the stability, the electrical properties are very
important for an electrode material. The conductivity of
SrMng sNbg sO;_s in air was measured by a 4-terminal d.c.
method because the conductivity is too high for the two-
terminal a.c. impedance technique. The conductivities in 5%
H, and humidified 5% H, were measured by a.c. impedance.
The humidified 5% H, was supplied by 5% H, bubbling
through room temperature water. The total conductivities of
SrMng sNbg 505_s in air, humidified and un-humidified 5%
H, of the material were measured as 1.23, 6.4 x 10 2and 3.1 x
1072 S ecm™! respectively at 900 °C (Fig.5). In all three
atmospheres, no low frequency arc was observed in the
impedance spectra obtained in air and wet hydrogen that
would indicate diffusion or charge transfer limitation, demon-
strating that electronic conduction is more important than
ionic. At most temperatures and under most conditions only a
single intercept was observed in the impedance spectra. In dry
5% H,, the grain boundary arc was observed at 300 °C, but
the contribution to the total resistance of ground boundary
resistance was only about 16%. This indicated that the bulk
resistance is dominant at higher temperatures as the grain
boundary component was observed to have a larger thermal
activation energy. The apparent grain conduction activation
energies between 600 ~ 900°C are 0.32 + 0.01, 0.45 + 0.03
and 0.63 4+ 0.04 eV in air, humidified and un-humidified 5%
H,, respectively. Those with higher oxidation states exhibit
higher conductivity and lower conduction activation energy.
Similar phenomena were observed by Kruth and West'” in
Ca,Mn,_Nb, O, perovskites.

The high electronic conductivity of SrMng sNbgy sO5_5 may
involve the 3d orbitals. Assuming manganese is in a high spin
state and neglecting any Jahn-Teller splitting, then the energy
level configurations for manganese ions are: Mn2+:t2g3eg2;
Mn** :ty.%,!. As illustrated by Tuller,' in perovskite, the 3e,
orbital of B-site cations, e.g. Mn"", may overlap with the
nearby 2p. orbital from the split O, to form o-bonds (e,-ps-eg
bond), meanwhile, the 3t,, orbital of manganese ions may
overlap with the 2p, of O* ions to form weaker m-bonds
(t2g-Pr-t2g bond). The third possibility of Mn d-orbital inter-
actions may be the direct t,,-t>, overlap, as is the case in TiO,"
which is unlikely because of the large Mn—Mn distance across
the face diagonal. It is supposed that electrons (¢') or electron
holes (h*) may hop from one Mn ion through the ¢ or n-bonds
to a nearby Mn ion resulting in electronic conduction. The
electronic conduction may relate to the e, electron structure if
the o bonds are the bridge. SrMng sNbg sO3_5 should be an
insulator if the Mn valence is +2 because the hole concentra-
tion is very low.

0=h"+¢
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Fig. 6 Isothermal conductivity vs. po, diagram for SrMng sNbg O35
starting at 900 °C. Data shown are those obtained close to fixed point
Po, values in dry 57 H,, wet 5% H., dry Ar and air. Thus only data that
are close to equilibrium are presented. The dotted line illustrates the
expected response outwith these regions.

On the other hand, if the Mn is in oxidation state +3 it may be
a good conductor because the e, orbital is not fully occupied.
From this point of view, the conductivity of SrtMng sNbg sO3_5
in air should be higher than that in H,, which is consistent
with our data. If the electron transfer is through the m-bonds,
the electron conductivity of SrMng sNbg sO3_s should not be
affected by the change of manganese e, electron structure
because the t», orbital is unchanged. It is hard to say whether
this is the possible conduction path of SrMngsNbgsO;_s
because, in considering the lattice expansion as described
above, the conductivity decrease in reducing atmospheres may
also be attributed to the lower degree of overlap of both ¢ and
n bonds. The Mn-O distance becomes larger, which makes
the hopping of electron holes more difficult resulting in higher
conduction activation energy and lower conductivity in H,
than in air. The tilting of the BO¢ octahedra is not a factor
because the Mn—O-Mn bond angles in SrMng sNby sO;_s are
supposed 180° with a symmetry Pm3m. Another consideration
which may influence the electronic and ionic conductivities
is the concentration of oxygen vacancies. The electrons for
reduction of manganese come from loss of lattice oxygen and
creation of oxygen vacancies.

0% = Vo' + %0x(g) + 2¢'

The yielded O, gas may react with H, to form water while
created electrons may be trapped by manganese. With
increasing oxygen deficiency, the 3D hopping path for electrons
or holes through Mn—-O-Mn close contacts might be affected
because some are blocked by oxygen vacancies leading to lower
electron conductivity which is consistent with the observed
conductivity as shown in Fig. 5 and Fig. 6. With increase of
charge carriers Vo', the oxygen ion conductivity may increase
if the formation of defect clusters and ordering of oxygen
vacancies are negligible.

As shown in Fig. 6, for po, values below 10™ '~ atm, the
conductivity decreases with decreasing po, indicating that the
material exhibits p-type conduction. The log ¢ vs. log po,
dependence of p-type electronic conductivity at low po, gives
a slope 1/6, in accord with the value expected for standard
defect p-type conductivity associated with oxygen uptake on
increasing po,.

12

4. Conclusions

The new non-stoichiometric mixed perovskite SrMng sNby s-
0O;_s was synthesised by solid state reaction. It exhibits a
cubic structure with space group Fm3m (225), a = 7.9338(3) A,
V = 499.39(6) A* according to X-ray diffraction. The perov-
skite structure is retained in 5% H, until at least 900 °C. In a

reducing atmosphere, it maintains the cubic structure and a
lattice expansion was observed. The reduced sample has a cubic
structure with space group Pm3m (221), a = 4.0022(5) A,
V = 64.10(8) A’. TGA and density measurements indicate
that in air/oxygen the stoichiometry is essentially SrMn}-
Nbg’_503 and on reduction heating to 900 °C in 5% H, is
StMn! ) ,sMnll}.Nby .0, g75, these compositions are consistent
with refined XRD structure data. The morphology of this
material does not significantly change on reduction according
to SEM observation. A.c. impedance measurements indicate
that electronic conduction is likely to be dominant. The con-
ductivities of this material in air, humidified 5% H, and 5%
H, were 1.23,6.4 x 1072and 3.1 x 1072Scm ™! respectively at
900 °C. The decrease of d.c. conductivity of StMng sNbg sO3_
at po, below 10~'% atm indicates a p-type electronic conduc-
tion. The variation of conductivity and conduction activation
energy of SrMng sNby sO3_; in different atmospheres may be
discussed in several ways. The electron holes may hop through
the Mn-O eg-ps-€; o-bonds and/or tye-p-trs m-bonds. The
higher apparent conduction activation energy and lower con-
ductivity in H, than in air may be due to the contribution of
lattice expansion, which results in a lower degree of overlap
of both ¢ and = bonds, which makes the hopping of electrons
and electron holes more difficult. The increasing oxygen defici-
ency in a reducing atmosphere may lead to the increase of
oxygen ion conductivity and decrease of electron conductivity.
SrMny sNbg sO;_ s might be a candidate for oxygen permeation
if the oxygen ion conductivity is reasonably high, which needs
further investigation. The material is not ideal for single phase
SOFC anode application because the conductivity is insuffi-
cient at low po, although the chemical stability is acceptable
and so could form a component in a composite anode. As
the material is p-type, its conductivity will increase under
polarisation when used as a SOFC anode due to oxidation.
This is an important advantage; however the conductivity is
still not quite high enough for efficient electrode operation.
The d.c. conductivity of StMng sNbg 5035 at low po, exhibits
a poz”6 dependence that is interpreted by a simple defect
chemistry model. Similar materials are the subject of further
investigation as potential SOFC anodes.
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