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A  new  series  of  Nb2O5-doped  (0.5,  1, 3,  5, 10 and  15  wt.%)  SrCo0.8Fe0.2O3−ı (SCF)  mixed  conducting
materials  have  been  synthesized  by  the  solid-state  reaction  method.  The  crystal  structure,  phase  sta-
bility,  oxygen  desorption  behavior,  thermal  expansion  behavior,  electrical  conductivity  and  oxygen
permeability  of  the  prepared  materials  were  systematically  investigated.  Doped  Nb2O5 was  completely
incorporated  into  the SCF  structure  and  effectively  suppressed  the  coexisting  orthorhombic  phase  in  bulk
cubic SCF  and  the  perovskite–brownmillerite  transition  under  low  oxygen  partial  pressure.  In  situ  high-
iobium oxide
erovskite
ixed conducting membrane
xygen separation

temperature  X-ray  diffraction  (HTXRD)  also indicated  good  chemical  and  structure  stability  of  the  slightly
doped Nb2O5 (0.5  wt.%)  at both  0.21  ×  105 and  1  ×  10−2 Pa  oxygen  partial  pressures  at  high  temperatures.
Nb2O5 dissolved  into  the  SCF  lattice  served  to some  extent  to  decrease  the electrical  conductivity  and
oxygen  flux,  and  increase  the  thermal  expansion.  The  grain  size  of  the  membranes  were  significantly
suppressed  by  the  doping  of  Nb2O5.  In particular,  SCFNb0.5  with  the  cubic  perovskite  structure  has  the
smallest  cell  parameters,  the  lowest  thermal  expansion  and  the  highest  oxygen  flux.
. Introduction

Perovskite-type mixed ionic-electronic conducting (MIEC)
embranes are used for oxygen separation from air or other oxy-

en containing gases or vapors such as CO2, NO2 and H2O at high
emperature and have received considerable attention [1–3]. The

IEC membranes operate at elevated temperature and produce
igh purity oxygen suitably for oxygen separation from air and inte-
ration in power generation cycles with coal gasification systems
nd gas-to-liquid (GTL) plants, which contribute to over one-third
ower cost in capital and operation compared with cryogenic air
eparation and bring many other economic and environmental
enefits [4–6]. However, there are several challenges, including
ngineering and chemistry issues, in developing MIEC technology
efore large scale and commercial applications, such as promot-

ng the oxygen permeability, long-term stability and mechanical
trength, as well as lowering the operational temperature and
aterial cost. The most challenging issue is to develop high flux
IEC materials with high stability at high and low temperature.
ow temperature application is a particularly important key to fur-
her utilization.

∗ Corresponding author. Tel.: +86 25 8317 2266; fax: +86 25 8317 2291.
E-mail address: wqjin@njut.edu.cn (W.  Jin).

376-7388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2012.03.026
© 2012 Elsevier B.V. All rights reserved.

Cobalt-containing MIEC materials, typically as SrCo0.8Fe0.2O3−ı

(SCF), normally possess high oxygen permeability and have
received extensive investigations [7–10]. However, SCF at the
same time has a low chemical and structural stability under
low oxygen partial pressure [11–14].  It is commonly accepted
that the stability of transition metal cations such as cobalt on
the B sublettice strongly influences the stability of MIEC mate-
rials, even seriously under reducing environments [15–17].  The
development of cobalt-free MIEC materials becomes a promising
way  to resolve this problem. Numerous cobalt-free materials
have been reported, such as (BaSr)(FeM)O3−ı (M: Mn,  Cu, Zn,
Mo)  [18–21],  AE(FeM)O3−ı (AE: Ba, Sr; M:  Ce, Zr, Al, Ti) [22–25],
La0.6Sr0.4Fe0.4Ga0.6O3−ı [26], La0.8Sr0.2(Ga0.8Mg0.2)0.6Cr0.4O3−ı

[27], La0.85Ce0.1Ga0.3Fe0.65Al0.05O3−ı [28]. The chemical and
structure stability of these cobalt-free materials is significantly
enhanced even under reducing environments, unfortunately
accompanied by a serious decrease of oxygen permeability. There-
fore, the most applications of cobalt-free membranes are for syngas
production in membrane reactors under reducing environments.
Therefore, a way to extend the stability based on the high oxygen
flux of cobalt-containing MIEC materials such as SCF is desirable.

Partially substituting the B-site of SCF with a fixed valance state
or unreducible metals such as Al, Zr, Ti and Nb could effectively nar-

row the variations of oxygen stoichiometry, suppress the thermal
and chemical expansion, and improve the stability [30–34].  How-
ever, the oxygen mobility and vacancy concentration is decreased
by doping with such fixed valence state metals and results in a

dx.doi.org/10.1016/j.memsci.2012.03.026
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:wqjin@njut.edu.cn
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Fig. 1. Mid-section of the SCF crystal structure and the total electron density map.
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ecrease of electronic conductivity and then oxygen flux. Another
romising method is to mix  SCF and a more stable oxide, such as
l2O3, ZrO2, TiO2 [35–38],  to form dual-phase materials or solid
olutions which depend on the solubility of oxide in SCF bulk phase.
n the module of solid solution and based on our priors studies,
he dissolved ions would occupy the void surrounded by Sr and O
Fig. 1) [37]. The inter-dissolved oxides in the SCF served to stabi-
ize the SCF phase under low oxygen partial pressure and suppress
he occurrence of the order–disorder phase transition of SCF in the
xygen permeation process. However, these oxides with limited
olubility in the SCF formed a mixture of two solid phases. While the
xide-doped composition easily underwent a solid-state reaction
etween doped oxide and SCF it formed CoAl2O4, SrZrO3 and SrTiO3
y-products. These by-products and unresolved oxides with poor
lectronic and ionic conductivity were harmful to the oxygen ion
ransportation and resulted in a decrease of oxygen permeability.

In this study, the solid solutions SrCo0.8Fe0.2O3−ı–Nb2O5 have
een investigated in terms of its permeability and stability for high
emperature air separation and the feasibility for low temperature
pplication. A constituent solid solution and stabilized cubic struc-
ure of SCF by doped Nb2O5 was expected. Meanwhile, the variation
f crystal structure, thermal and chemical expansion, electrical con-
uctivity and oxygen desorption behavior as a function of Nb2O5
oping were investigated.

. Experimental

.1. Sample preparation

The SCF and Nb2O5-doped SrCo0.8Fe0.2O3−ı (SCFNb) oxide were
ynthesized by the conventional solid-state reaction method. Sto-
chiometric amount of SrCO3 (99.9%), Co2O3 (99.9%) and Fe2O3
99.9%) were mixed and ball-milled in ethanol for 24 h and then
ried at 250 ◦C. The SCF oxide was formed after a further calcina-
ion at 900 ◦C for 5 h in air. The SCFNb oxides were prepared by
all-mill mixing a certain amount of Nb2O5 (0.5, 1, 3, 5, 10 and
5 wt.%) with the SCF powder and then a calcination at 950 ◦C for
 h in air.
The SCF and SCFNb powders were grinded, sieved (300 meshes)

nd then uniaxially pressed at 400 MPa  to prepare the green disks
nd bars. After sinter at 1200 ◦C for 5 h in air with a heating
cience 405– 406 (2012) 300– 309 301

and cooling rate of 2 K min−1, dense disk-shape membranes and
rectangle-shape bars were obtained. The bars were used to mea-
sure the electrical conductivity and thermal expansion and the
membranes were used for oxygen permeation measurement. The
powder samples obtained by crushing the sintered specimens were
subjected to XRD, annealing treatment and oxygen temperature
program desorption (O2-TPD).

2.2. Characterization

The room temperature crystal phases of samples were deter-
mined by XRD (ARL X’TRA diffractometer) in air. The variation of
crystal structures with temperature were characterized by in situ
high-temperature X-ray diffraction (HTXRD) technique. HTXRD
studies were performed on a Rigaku D/max 2500 V powder diffrac-
tometer equipped with a high temperature attachment and were
carried out in air and vacuum with oxygen partial pressure of
0.21 × 105 Pa and 1 × 10−2 Pa, respectively. The heating rate was
20 K min−1 and the temperature was held for 30 min at each tem-
perature step. The diffraction patterns of both room temperature
and high temperature were collected in the range of 20◦ ≤ 2� ≤ 80◦

with Cu K� radiation and scan rate of 5◦ min−1.
Electronic properties of SCF oxide were simulated at the level

of density function theory (DFT) by the Cambridge sequential
total energy package (CASTEP). The morphologies of dense mem-
brane were examined by scanning electron microscopy (SEM) (FEI,
QUANTA-2000). The electrical conductivity of sintered specimens
was  measured in the stagnant air by a four-probe DC instrument
(Keithley, model 2440 5A), where the Ag paste and Ag wires were
used to connect the sample and instrument. The thermal expansion
behaviors of sintered specimens were measured by the appara-
tus of dilatometer (Netzsch, model DIL 402C) with a heating rate
of 5 K min−1. Oxygen adsorption on SCF and SCFNb powders were
studied by the O2-TPD technology. 150 mg  specimen was  placed in
a U-sharp quartz tube and Ar was used as the carrier gas with a flow
rate of 20 ml  (STP) min−1. The temperature increased up to 930 ◦C
at the rate of 10 K min−1 and the effluent gases were monitored by
the mass spectrometer (Hiden, QIC-20).

Oxygen flux was  measured by homemade device from 550 ◦C
to 900 ◦C. Membrane disks were sealed to a quartz tube with sil-
ver paste as the sealant and the oxygen permeability of silver
is negligible. The flow rate of air at the feed side was  100 ml
(STP) min−1, while the flow rate of helium as a sweep gas was
30 ml  (STP) min−1 at the permeation side. A gas chromatograph
(Shimadzu, GC-2014AT 230V) equipped with 5A molecule sieve
column was  used to analyze the permeated oxygen.

3. Results and discussion

3.1. Crystal structure and phase stability

Fig. 2a shows the XRD patterns of SCF and SCFNb membranes
with different doping levels of Nb2O5. With the introduction of
Nb2O5, the typical perovskite structure of SCF was well preserved.
The doping oxide was  completely dissolved into the SCF cell with-
out any solid-state reaction between Nb2O5 and SCF. Negligible
CoOx and Fe3O4 phases were detected both in undoped SCF and
SCFNb solid solutions. The solid solubility limit of Nb2O5 in the SCF
structure was  determined to be at least 15 wt.%. (SCFNb15 mem-
brane cracked). In the solid solution, the solute, even small amount,
would affect the properties of the material by disrupting the phys-

ical and electrical homogeneity of the solvent material and hence
the oxygen permeability.

The evolution of P110 peaks in the XRD profile as a function
of Nb2O5 doping is shown in Fig. 3. The arrows indicate a weak
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ig. 2. Room temperature XRD patterns of the SCF and SCFNb membranes sintered

rthorhombic phase which was caused by the ordering of partial
xygen vacancies [11–13,39].  The minor coexisting orthorhombic

hase in bulk cubic SCF was suppressed by doping with Nb2O5.
he orthorhombic phase could not be detected when the doping
as more than 5 wt.%. In particular, the SCFNb0.5 was transformed

ig. 3. Evolution of P110 XRD profiles with the variation of the amount of Nb2O5.
00 ◦C for 5 h in air, †:  CoOx, ‡:  Fe3O4 (a) and annealed at 850 ◦C for 24 h in He  (b).

into a cubic structure accompanied with the disappearance of the
orthorhombic phase. This orthorhombic to cubic transition would
decrease the cell volume and directly lead to a migration of diffrac-
tion peaks towards high angles [13]. A shift towards higher angle
was  observed for SCFNb0.5 and consequently reveals a smaller cell
volume for SCFNb0.5 compared with SCF. Besides the phase transi-
tion, the location of doping ions also has a direct impact on the cell
volume.

Tan et al. proposed an interstitial doping model for oxide-doped
SCF in which the additional cations in the perovskite may  dissolve
into the interstices (In Fig. 1, the blue area of low electron density,
surrounded by Sr and O ions is the maximum octahedral void for
doped ions.) [37]. The interstitial doping generally brings an expan-
sion of the lattice volume of SCF, which further increases with an
increase in the proportion of doped oxide. In the SCF lattice, the
maximum void surrounded by Sr2+ and O2− (a close-packed struc-
ture) is about 0.49 Å in radius, which is smaller than the radius of the
Nb cation (>0.64 Å). Therefore, diffusion of the Nb cations into the
lattice interstices of SCF would normally lead to the expansion of
the crystal cell. As can be seen from Fig. 3, the peaks shifted to lower
diffraction angles when the proportion of doping was  higher than
1 wt.%, which indicated a lattice expansion with doped Nb2O5. The
fact that only a displacement of diffraction peaks was observed indi-
cated that it is unlikely that the Nb occupied the B-site and formed
A-site vacancies with the well preserved perovskite structure even
when the doping was up to 10 wt.%.

Stability is an important issue for perovskite-type materials for
high temperature oxygen separation. Under low oxygen partial
pressure, the oxygen is released from the lattice and is accompanied

by a reduction of the B-site cations. These will significantly affect
the geometry of the lattice and directly influence the phase stabil-
ity. Clearly, after the annealing treatment at 850 ◦C under flowing
He (99.999% purity) for 24 h, the peak intensity of SCF decreased



G. Zhang et al. / Journal of Membrane Science 405– 406 (2012) 300– 309 303

950 ◦C

a
m
S
t
t
o
t
s
m
t
P
m
v
t
l
S

t
t
s
p
t
0
t
o
m
i
v
l
t
l
f
t
s
d

the sharp �-O2 desorption peak at high temperature [42]. The ˛
peak is composed of ˛1 and ˛2 peaks. The fitted peak areas for SCF
and SCFNb, which reflect the amount of O2 desorbed, are listed
in Table 1. This oxygen desorption process has been well described
Fig. 4. HTXRD patterns of the SCFNb0.5 membrane temperature from 30 to 

nd a split of the diffraction peaks were observed (Fig. 2b). It
eans the formation of vacancy-ordered brownmillerite phase

r2Co1.6Fe0.4O5 [38,40]. The ordered oxygen vacancy in this struc-
ure would decrease the vacancy mobility and consequently lower
he oxygen permeability [12,41]. However, the perovskite phases
f the doped SCF were well maintained with low oxygen par-
ial pressure with the incorporation of the Nb2O5. In the SCF
ystem, the high concentration of unstable Co4+/Fe4+ (the maxi-
um  valence assuming the value of ı is 0) normally accounts for

he instability of the lattice under low oxygen partial pressure.
revious work has demonstrated that the stability of perovskite
aterials can be further improved through doping with a fixed

alence state or more stable metal oxide [35–38].  In this work,
he doping of Nb cations in the bulk SCF would serve to stabi-
ize the B (Co/Fe) sublattice and lead to greater stability for the
CF.

Modest doping with Nb2O5 still stabilized the SCF phase. With
he aid of in situ high temperature XRD, the variation of crys-
al structure with temperature was easily observed. Fig. 4a and b
hows the HTXRD patterns of SCFNb0.5 membrane with oxygen
artial pressures of 0.21 × 105 and 1 × 10−2 Pa, respectively. Clearly,
he perovskite phase of SCFNb0.5 was well preserved, under both
.21 × 105 and 1 × 10−2 Pa oxygen partial pressure, with tempera-
ure varying from 30 ◦C to 950 ◦C. Fig. 5 shows the lattice constants
f SCFNb0.5 versus temperature and oxygen partial pressure deter-
ined from the HTXRD data. It can be seen that the lattice constant

ncreases linearly with temperature (>600 ◦C) for the two different
alues of the oxygen partial pressure. The lattice expansion under
ow oxygen partial pressure (1 × 10−2 Pa) is a little higher than
hat in air (0.21 × 105), because of the greater oxygen loss under
ow oxygen partial pressure with increased temperature. There-

ore, with both 0.21 × 105 and 1 × 10−2 Pa oxygen partial pressure,
he greater phase stability and smaller difference of lattice expan-
ion indicated the better structure and chemical stability of Nb2O5
oped SCF membranes.
 with oxygen partial pressures (OPP) of 0.21 × 105 Pa (a) and 1 × 10−2 Pa (b).

3.2. O2-TPD

TPD is a well known technology used to investigate the gas
adsorption and desorption behavior on the surface of catalysts.
However, the O2-TPD of perovskite-type materials appears to
be rather complex because the oxygen release is not only from
chemisorbed oxygen on the surface but also from bulk lattice oxy-
gen. As shown in Fig. 6, three peaks are present in the O2-TPD
profile, the broad �-O2 desorption peak at low temperature and
Fig. 5. Temperature dependence of the lattice constants for SCFNb0.5 at different
oxygen partial pressures obtained from the HTXRD data.
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Table 1
Fitted peak areas of ˛1, ˛2 and  ̌ oxygen desorption of the SCF and SCFNb oxides based on the O2-TPD data.

Sample ˛1 ˛2 ˇ

Areaa/digits Area/digits Peak center/◦C Area/digits

SCF 8.41 5.53 493.5 4.39
SCFNb0.5 8.30 3.54 582.87 5.74
SCFNb1 5.67 4.50 488.9 2.87
SCFNb3 2.85 3.65 474.8 5.98
SCFNb5 2.78 3.36 454.3 6.16
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SCFNb10 2.18 2.86 

a Peak area was  fitted by Peak Fitting Module (PFM) of ORIGIN 7.0 software (Orig

or the LaCoO3- and (Ba)SrCoO3-based perovksite systems [43–47].
he ˛1 peak comes from the desorption of the chemisorbed oxygen
eakly bonded with B cations on the surface.

With further increase of temperature, the oxygen desorp-
ion was associated with the reduction of B cations, which can
e ascribed to the following reactions (assuming that the non-
toichiometry ı is zero and B cations remain tetravalent at room
emperature):

4+O2−B4+(s) → B3+VOB3+(s) + (1/2)O2(g) (1)

4+O2−B4+(b) + B3+VOB3+(s) → B3+VOB3+(b) + B4+O2−B4+(s)

(2)

4+O2−B3+(s) → B3+VOB2+(s) + (1/2)O2(g) (3)

4+O2−B3+(b) + B3+VOB2+(s) → B3+VOB2+(b) + B4+O2−B3+(s)

(4)

eactions (1) and (2) describe the ˛2 oxygen desorption behavior.
he reduction of unstable B4+ to B3+ with oxygen desorption and
acancy generation first occurs on the surface (s) while the lattice
xygen in the bulk (b) diffuses via the oxygen vacancies (VO) from
he bulk to the surface. At high temperature, a further  ̌ oxygen des-
rption reduction occurred and was accompanied by a reduction of

3+ to B2+, which is ascribed to reactions (3) and (4).  In SCF system,
he cobalt ions accounted for 80% B-site would mainly relate with
he ˛2 and  ̌ desorbed oxygen. McIntosh and Bouwmeester have
uggested that the  ̌ peak belong the reduction of Co3+ to Co2+ as

ig. 6. O2-TPD profiles of the SCF and SCFNb oxides from 200 to 930 ◦C. Insets are
he  typical ˛1, ˛2 and  ̌ oxygen desorption peaks profiles: hollow circles indicate
he  experimental data and solid lines identify the simulated data.
437.0 7.64

Corporation).

Fe3+ is stable at high temperature region [11]. Considering these
two oxygen desorption processes, there are three factors that influ-
ence the desorption behavior: (i) the average of the metal–oxygen
(B O) bonding energies, (ii) the oxygen migration energy (bulk dif-
fusion process) and (iii) the valence state of the B cation. There is
an established correlation between the B O bonding energy and
the cell parameter. A compact lattice would lead to a higher B O
bonding energy, and consequently a higher onset temperature for
oxygen desorption. Therefore, SCFNb0.5, with the lowest lattice
parameter, has the highest onset temperature for ˛2 oxygen des-
orption. With further doping with Nb2O5, the lattice expanded and
the onset temperature decreased (Table 1).

The oxygen ion migration behavior in a perovskite-type oxide is
one of the principle objectives in investigating a MIEC membrane.
Cook and Sammells [48] have proposed a saddle-point configura-
tion for oxygen ion migration. In this configuration, a critical radius
(rc) for the opening at the migration saddle point was  defined by
two  A site ions and one B site ion. The oxygen ion passing through
the opening with smaller rc requires higher migration energy,
accompanied by lattice relaxation. Therefore, SCFNb0.5, with the
most compact lattice, has the smallest rc, leading to the highest
migration energy and consequently the broadest ˛2 oxygen des-
orption peak. Later, Islam and Cherry [29,49] simulated the process
of oxygen ion transport in the ABO3 structure and revealed that
the oxygen ion did not follow a direct linear pathway along the
〈1 1 0〉 octahedral edge but took a curved route with the saddle point
away from the central B cation (Fig. 1, the white lines on the (2 0 0)
plane is the contour plot of the potential energy surface for oxy-
gen vacancy migration), which provides a lower migration energy.
However, the interstitial doping ions at octahedral void counters to
the B cation would block the curved route for oxygen migration and
hence increase the migration energy. This steric effect became con-
siderable when the amount of doping is sufficiently above 3 wt.%
and broadens the ˛2 desorption peaks. At a high enough temper-
ature (>700 ◦C), the intensified atomic vibration and high energy
weakened the effects of the bonding energy and migration barrier.
Therefore, almost the same onset temperature and narrow peak for

 ̌ oxygen desorption were obtained.
The ˛2 and  ̌ desorption peak areas for the SCFNb

oxides were in the following order: SCF > SCFNb1 >
SCFNb0.5 > SCFNb3 > SCFNb5 > SCFNb10 and SCFNb1 < SCF <
SCFNb0.5 < SCFNb3 < SCFNb5 < SCFNb10. The addition of Nb2O5
served to weaken the ˛2 oxygen desorption via a decrease of the
mean valence state of the B cation (B4+ to B3+) and increase of the
concentration of B3+ with Nb cations diffused into the SCF lattice.
Thus, an inverse relationship between the ˛2 and  ̌ desorption
peak areas was obtained. In particular, the inverse relationship
between the amounts of oxygen desorption for SCFNb0.5 and
SCFNb1 should be closely related to the more compact perovskite

crystal structure of SCFNb0.5. The larger  ̌ oxygen desorption
peak of SCF may  be due to the unstable perovskite to brownmil-
lerite phase transition, when greater oxygen loss has occurred at
elevated temperature.
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ig. 7. Linear thermal expansion coefficient ˛L of the SCF and SCFNb membranes
btained from room temperature to 1000 ◦C in air. Inset table is the average TEC
Avg from 350 to 850 ◦C in stage II.

.3. Thermal expansion

Thermal expansion is the tendency of volume change of mate-
ials in response to the change of temperature. In perovskite-type
aterials, the expansion behavior can be attributed to two  differ-

nt mechanisms: (1) the increase of atomic vibration with thermal
nergy and (2) additional oxygen loss with the generation of oxygen
acancies and reduction of B cations at high temperature, normally
alled chemical expansion. The reduction of B cations accompanied
ith an increase of ionic radius is the major reason for the chemi-

al expansion [50,51]. To describe the thermal expansion behavior,
hree parameters are introduced, the linear thermal expansion
εL), linear thermal expansion coefficient (˛L) and average thermal
xpansion coefficient (˛Avg.):

L = l  − l0
l0

(5)

(T) = 1
l0

(
∂l

∂T

)
p

(6)

Avg. (T1, Tref.) = dl/l0 (T1) − dl/l0 (Tref.)
T1 − Tref.

(7)

here l0 is the sample length measured at ambient temperature, T1
s the upper temperature limit, and Tref. is the lower temperature
imit or reference temperature. ˛L describes the rate of change of
ength per degree of temperature change while ˛Avg. indicates the
hermal expansion over a certain range of temperature. Fig. 7 is
he linear thermal expansion coefficient ˛L of the SCF and SCFNb

embranes from 30 to 1000 ◦C. There are three stages of the linear
hermal expansion behavior upon heating. At stage I, below 350 ◦C,
here was no chemical expansion, that is, the length of the sample
as a linear function of temperature and a constant ˛L value was

btained using Eq. (6).
At stage II, from 350 to 850 ◦C, the expansion behavior was

ostly associated with the chemical expansion, which had a
lose relationship with the oxygen desorption behavior. However,
onsidering the different testing conditions, such as sample mor-
hology and atmosphere, the chemical expansion behavior had a
ertain deviation from the O2-TPD behavior. The ˛2 oxygen des-
rption behavior accompanied by a reduction of B4+ to B3+ would

ause an additional expansion and behave as a drastic increase with

 step change in the ˛L profiles. The lower onset temperature and
roadening effect in the O2-TPD profiles were reflected at stage II
f the ˛L profile. Typically, SCFNb5 and SCFNb10, with high doping
Fig. 8. Linear thermal expansion εL of the SCF and SCFNb membranes in the tem-
perature range from 850 to 1000 ◦C of stage III.

concentrations, have the lowest onset temperature (∼400 ◦C) for
the chemical expansion.

The inset table of Fig. 7 is the average thermal expansion coef-
ficient ˛Avg. which largely depends on the temperature range
(T1–Tref.). Stage II, containing the chemical expansion, typically
represents the expansion behavior and, as a consequence, the
temperature range chosen for ˛Avg. is from 350 to 850 ◦C. As we
discussed above, the more impact on the lattice and the smaller is
the oxygen loss, the smaller is the thermal expansion. Therefore,
SCFNb0.5, with the smallest lattice parameter and least ˛2 oxygen
desorption, has the smallest ˛Avg.

At stage III, above 850 ◦C, a drastic shrinkage was observed,
which was due to high temperature creep. The dense specimens
were subjected to a constant stress (30 mN) in the dilatometer.
This unsteady-state measurement to some extent provided a snap-
shot of the creep behavior. As can be seen from the εL (Fig. 8) and
˛L (Fig. 7) curves, a clear and increasing creep deformation was
observed when the amount of Nb2O5 doping was more than 1 wt.%.
Such high temperature creep behavior is common in cobalt per-
ovskites and mainly related to the ion diffusion rate and grain size
[39,52]. The promoted creep rate may  be due to the increasing ion
diffusion rate and decreasing grain size by doped Nb2O5. Visually,
the average grain size of the membranes decreased with increasing
doping with Nb2O5 (Fig. 9).

3.4. Electrical conductivity

In mixed ionic-electronic conducting materials, the total elec-
trical conductivity is provided by ionic and electronic conductivity
and the electronic conductivity is dominant. As can be seen in
Fig. 10a, the measured electrical conductivity for each sample
increased to a maximum with a characteristic temperature Tc, and
then decreased. Above a temperature of 540 ◦C, the electrical con-
ductivity decreased as the amount of Nb2O5 doping increased.
In particular, below 540 ◦C, SCFNb0.5 has the highest electrical
conductivity. These temperature Tc of samples with x > 0.5 are con-
sistent with those obtained from O2-TPD and thermal expansion
coefficient profiles. This means that the electrical conductivity is
closely related to the oxygen loss and higher concentrations of
oxygen vacancies. When the temperature is less than 300 ◦C, the
oxygen vacancy concentration was extremely low and the conduc-

tivity increased with the increase of temperature. This was due
to the increasing carrier mobility, mainly that of the electrons.
However, at elevated temperature, the oxygen loss was intensi-
fied and more oxygen vacancies were generated. As we  know, the
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Fig. 9. SEM images of dense membrane

eneration of oxygen vacancies will decrease the number of car-
iers. The oxygen vacancies acted as scattering centers to trap
lectrons and then reduce the mobility of carriers [53]. Considering
hese factors, a maximum conductivity was obtained at Tc.

At low temperature, the electronic conductivity in perovskite
aterials generally accounts for the hopping of p-type small

olarons which, would be masked by generated oxygen vacancies
nd decreased charge carrier at high temperature. The adiabatic
mall polaron hopping mechanism prevailed and can be expressed
y ( )
 = A

kT
·  exp − Ea

kT
(8)

here A is the material constant containing the carrier concentra-
ion term, Ea is the activation energy for hopping conduction, k is the

ig. 10. Temperature dependence of the total electrical conductivity of the SCF and SCFNb
tted  from the linear part at lower temperature region (<450 ◦C) (b).
F and SCFNb sintered at 1200 ◦C for 5 h.

Boltzmann constant and T is the absolute temperature. The Arrhe-
nius plots for SCF and SCFNb shown in Fig. 10b  suggest that the
adiabatic hopping mechanism is predominant at low temperature
(RT ∼ 400 ◦C). SCFNb0.5 has the lowest activation energy 0.065 eV
while further increasing the doping of Nb2O5 leads to a gradual
decrease of activation energy.

Besides the small polaron hopping mechanism, the electronic
conductivity also follows the Zerner double exchange mecha-
nism. In Zerner double exchange, the hopping charge carriers
are transported along the passage built by the overlap of transi-
tion metal cation orbitals and oxygen anion orbitals (Fig. 1) [54],

Bn+ − O2− − B(n−1)+ → B(n−1)+ − O− − B(n−1)+ → Bn+ − O2− − Bn+

In this transfer chain, the B O bond length, oxygen vacancy
and the Bn+/B(n−1)+ couple influence the carrier conduction. At low
temperature, with a less expanded lattice, the B O bond length

 in air (a), and the Arrhenius plots of electrical conductivity with the activity energy
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ig. 11. Arrhenius plots of the temperature dependence of oxygen permeation
uxes through the SCF and SCFNb membranes with thickness of 1 mm.  Air as feed
as with 100 ml min−1 and He as sweep gas with 30 ml  min−1.

hich provides a pathway for electron hopping would become
rucial and has a significant impact on the conductivity. Obvi-
usly, SCFNb0.5 with the smallest lattice parameter and therefore
hortest B O bond length, has the highest conductivity at low
emperature. In the transition metal based perovskite-type oxides,
hree valence states may  exist, due to the charge disproportion-
tion reaction 2B3+ ⇔ B4+ + B2+ [53,55,56].  The B4+/B3+ couple is
onsidered as a p-type region for p-type conduction, while the
2+/B3+ couple is the n-type region which can be treated as a blocker

or any p-type carrier [57]. The fraction of [B4+]/([B3+] + [B4+])
s defined as the available hopping sites for the p-type polaron
53].

Therefore, fewer B4+ or more B3+ would result in a decrease in
opping sites and a decrease in conductivity. In the Nb2O5 doped
CF system, the diffusion of Nb cations in the SCF bulk phase would,
o some extent, decrease the valence state of B cations (B4+ → B3+),
ossibly accompanied by an increase of oxygen vacancy in SCF. As
he doping concentration increased, the decreased value of B4+/B3+

nd the increased oxygen vacancy would greatly decrease the avail-
ble hopping sites for the p-type carrier and consequently decrease
he conductivity. This phenomenon is very obvious at high temper-
ture with a highly expanded lattice.

.5. Oxygen permeability

The temperature dependence of oxygen flux of the SCF and
CFNb membranes is shown in Fig. 11.  At 900 ◦C, the oxygen fluxes
f SCF are 1.91 × 10−6 mol  cm−2 s−1 which is little less than the find-
ngs of Teraoka et al. [7].  The oxygen flux of SCFNb membranes

ere found to be in the order SCFNb0.5 > SCF > SCFNb 1 > SCFNb
 > SCFNb5 > SCFNb10. SCFNb0.5 has a significant promotion of oxy-
en flux achieved 2.51 × 10−6 mol  cm−2 s−1 and higher than that
f BSCF [9].  The oxygen permeability of the perovskite phase of
CFNb was lowered by the addition of Nb2O5 above 1 wt.%. Once
gain, for the saddle-point configuration (Fig. 1) discussed in Sec-
ion 3.2,  the diffused Nb ions in the octahedral void might block
he migration of oxygen ions. The membrane at the permeate side
as a larger oxygen loss with more possibility of rapid oxygen
ransportation than that at the feed side. Thus the feed side of the

embrane is the rate-limiting step, assuming no order–disorder
ransition of the membrane on the sweep side. Such a steric effect
y interstitial Nb ions might be more significant for the mem-

rane at the feed side with less oxygen loss and lattice expansion
nd thus limit the oxygen diffusion rate. The converse of the oxy-
en permeability of SCFNb0.5 and SCF should be closely related to
he cubic structure with the disappearance of orthorhombic phase
cience 405– 406 (2012) 300– 309 307

and more stable structure under low oxygen partial pressure of
SCFNb0.5.

As shown in Fig. 11,  the SCFNb0.5 and other Nb2O5 doped SCF
membranes have an almost linear relationship in the Arrhenius
plots, indicating a stable crystal structure. A nonlinear relation-
ship, with two activation energies, was observed for the membrane
SCF. This is related to the oxygen vacancy order–disorder transition
discussed in Section 3.1.  The permeation of the 1 mm SCF mem-
brane was  controlled both by the bulk diffusion and the surface
exchange, and the influence of the surface exchange is strength-
ened by the decreased temperature [58,59]. Therefore, an obvious
decrease of oxygen flux at lower temperature for SCF and SCFNb1
was  obtained (data points with dash line crossed in Fig. 11), because
of the enhanced surface exchange.

Low operating temperature brings low energy consumption
and consequently low operation costs. Slightly doped with Nb2O5,
SCFNb0.5 has the highest oxygen flux, nearly twice as high as that
of undoped SCF at 550 ◦C. SCFNb0.5, with high oxygen flux and
high stability under low oxygen partial pressure shows promise
for oxygen separation, especially at low temperature. However, the
oxygen fluxes obtained by disk-shape membranes with symmetri-
cal geometry were still low. A reduction of the membrane thickness
and an increase of effective surface area would improve the rate of
bulk diffusion and the surface exchange. An asymmetrical mem-
brane with a porous support, such as a hollow fiber, with a very
thin dense membrane of thickness 1–100 �m could significantly
increase the oxygen flux [60,61]. On the other hand, the porous
support and the porous coating layer on the surface, which are both
composed of MIEC materials, could enhance the surface exchange
and increase the oxygen flux [62–64].  Therefore, a Nb2O5 doped
SCF membrane with improved geometry show great potential for
low temperature oxygen separation.

4. Conclusions

A new series of Nb2O5-doped (0.5, 1, 3, 5, 10 and 15 wt.%)
SrCo0.8Fe0.2O3−ı (SCF) mixed conducting materials were synthe-
sized by the solid-state reaction method. Doped Nb2O5 was
completely incorporated into the SCF structure and significantly
lowered the grain size of the membrane. The coexisting orthorhom-
bic phase in bulk cubic SCF and the perovskite–brownmillerite
transition under low oxygen partial pressure were suppressed by
doping with Nb2O5. Slight doping of 0.5 wt.% Nb2O5 into SCF results
in several enhanced properties. In situ HTXRD also indicated a
good chemical and structural stability of SCFNb0.5 under both
0.21 × 105 and 1 × 10−2 Pa oxygen partial pressure from 30 ◦C to
950 ◦C. SCFNb0.5 with a cubic perovskite structure has the smallest
cell parameter, the lowest thermal expansion and the highest oxy-
gen flux. Other samples with greater doping with Nb2O5 have lower
electrical conductivity, oxygen flux and higher thermal expan-
sion. Nb2O5 doped SCF with improved permeability and stability
are therefore promising materials for high and low temperature
oxygen separation. An improvement of membrane geometry and
modification of surface, such as the use of hollow fiber or a coated
porous layer, are believed to significantly increase the oxygen
flux and further extend its application to the low temperature
range.
This work was  supported by the National Basic Research Pro-
gram of China (No. 2009CB623406); National Natural Science
Foundation of China (Nos. 20990222, 21006047); China Postdoc-
toral Science Foundation (Nos. 20090461105, 201003581).
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Nomenclature

VO oxygen vacancy
rc critical radius
l sample length
l0 sample length measured at ambient temperature
T temperature
T1 upper temperature limit
Tref. lower temperature limit or reference temperature
Tc characteristic temperature
A material constant containing the carrier concentra-

tion term
Ea activation energy for hopping conduction
k Boltzmann constant
JO2 oxygen permeation flux

Greek symbols
ı non-stoichiometric coefficient
εL linear thermal expansion
˛L linear thermal expansion coefficient
˛Avg. average thermal expansion coefficient
� total electrical conductivity
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