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1.1 Introduction 

 Mixed ionic-electronic conductors (MIECs) have a potential for use as an 

oxygen separation membrane [1-3]. Application offers significant advantages 

over conventional cryogenic distillation, in the sense that membrane separation 

is simpler, more energy efficient, and provides a continuous delivery of oxy-

gen with infinite selectivity [4]. MIEC membranes can also be integrated into a 

catalytic membrane reactor for the partial oxidation of hydrocarbons to value-

added products, offering high selectivity and improved safety of operation by 

avoiding a direct mixing of the fuel with molecular oxygen [5-7]. Other poten-

tial applications of MIEC’s include their use as electrodes in solid oxide 

fuel/electrolyzer cells (SOFCs/SOEC’s), and as resistive oxygen sensors [8, 9].  

 This chapter provides a concise introduction into MIEC membranes for 

oxygen separation. Comprehensive reviews on fundamental aspects and devel-

opments in this field have been published by Bouwmeester and Burggraaf [2] 

and Sunarso et al. [3]. 

1.2 Structure and oxygen transport  

1.2.1 Perovskite-type oxides  

 Perovskite-type oxides exhibit a wide range of physical properties, such as 

ferroelectricity, piezoelectricity, magnetic property, superconductivity, and 

electronic/ionic conductivity [10, 11]. They are named after the mineral  per-

ovskite CaTiO3, which was first discovered in the Ural mountains by Gustav 

Rose in 1839, who named it after the Russian mineralogist Lev Alekseevich 

Perovski. 

 The general structural formula of a perovskite oxide is ABO3. In the 

ABO3 structure, the A-site is occupied by an alkali, alkaline earth, or rare earth 

cation, while the B-site is occupied by a transition metal or rare earth cation. 
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The ideal cubic perovskite oxide, shown in Fig. 1.1, is composed of a three-

dimensional framework of corner-shared BO6 octahedra.  

 

Figure 1.1 Ideal cubic ABO3 perovskite structure. 

 

The octahedra create cavities that are occupied by A-site cations. A- and B-site 

cations are in 12- and 6-fold coordination by oxygen, respectively, while each 

of the oxygen ions is bound to 6 neighboring cations (4A and 2B cations). Alt-

hough the ideal symmetry is cubic, many perovskites exhibit distorted struc-

tures due to tilting of the BO6 octahedra. Goldschmidt [12] proposed a toler-

ance factor, t, which defines the degree of distortion in the perovskite structure,  

 A O

B O

( )

2( )

r r
t

r r





 (1.1) 

where rA, rB, and rO are the radii of the A-site and B-site cations, and the oxy-

gen ion, respectively. The parameter t has been widely used for assessment of 

the formation and stability of the cubic perovskite structure. The ideal cubic 

perovskite structure exhibits a t-value close to unity. The cubic structure is 

found to occur for 0.8 < t < 1 [13]. Lower values of t will lead to a structure 

with a lower symmetry. The parameter t is not always a reliable tool to assess 
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formation of the cubic perovskite structure. Other factors, such as the specific 

free volume (void fraction) and extent of oxygen nonstoichiometry, might 

need to be taken into account as well [14-16]. 

 The first pioneering study on perovskite membranes for oxygen separation 

was conducted on La1-xSrxCo1-yFeyO3-δ (x = 0-1, y = 0-1) by Teraoka et al. [17]. 

The partial substitution of A-site cations, La
3+

, by lower valent Sr
2+

 cations is 

charge compensated by the formation of oxygen vacancies and/or valence 

changes of the B-site cations. Teraoka et al. observed the rate of oxygen per-

meation to increase with increasing molar fractions of both strontium and co-

balt. The highest oxygen flux in the series was found for SrCo0.8Fe0.2O3-δ. Sub-

stitution of 20 mol% of cobalt by iron suppresses the undesirable phase transi-

tion from cubic perovskite to a non-perovskite phase with hexagonal structure, 

as found for SrCoO3-δ in air, below ~950 
o
C [18].  

 Although cubic SrCo0.8Fe0.2O3-δ shows a high, favorable oxygen permea-

tion rate, a phase transition to a vacancy-ordered brownmillerite phase occurs, 

at ~790 
o
C, below an oxygen partial pressure of 0.01 atm [19-21]. 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) is obtained by partial substitution of strontium
 

by barium in SrCo0.8Fe0.2O3-δ. The Ba
2+

 (1.61 Å) has a much larger radius than 

Sr
2+ 

(1.44 Å) [22]. Partial substitution of Sr
2+

 by Ba
2+

 suppresses ordering of 

oxygen vacancies, which decreases oxide ionic conductivity, but also enhances 

the oxygen vacancy concentration. The latter relates to a change in the mecha-

nism of charge compensation associated with the expansion of the lattice upon 

partial substitution of Sr
2+

 by Ba
2+

 [23, 24]. Unfortunately, the oxygen permea-

tion rate of BSCF is found to decline with the time on stream below ~825 
o
C, 

due to a sluggish phase decomposition of the parent phase into a mixture of 

cubic and hexagonal polymorphs [25-26]. Recently, it was found that such de-

composition can be suppressed by a small co-doping of either Zr or Nb on the 

B-site [30, 31].  
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 Although high oxygen fluxes may be found for the perovskite-type mem-

branes, their chemical stability, e.g., under large oxygen potential gradients 

and towards gas phase impurities, such as CO2, SO2, and H2O, needs to be im-

proved before any industrial application becomes feasible [32, 33]. 

1.2.2 Fluorite-type oxides 

 Although most research in the field of ceramic membranes for oxygen 

separation is conducted towards perovskite-structured oxide materials, another 

type of structure favorable to oxide ion transport is the fluorite structure. The 

general formula of a fluorite-type oxide is MO2. The ideal structure is shown 

in Fig. 1.2, and can be regarded as a face-centered cubic packing of cations 

with the anions in all of the tetrahedral interstitial sites. The coordination num-

ber for each cation is 8, while that of the anions is 4. Fluorite oxides may ex-

hibit high concentrations of oxygen vacancies, which are either intrinsic, such 

as in δ-Bi2O3, or formed by doping with lower valent oxides, like Y2O3 in  

ZrO2, or Gd2O3 in CeO2 [8].  

 

Figure 1.2 Ideal cubic MO2 fluorite structure. 

  

 Among the fluorite oxides, δ-Bi2O3, whose structure is stabilized by a rare 

earth dopant, e.g., yttria or erbia, shows the highest oxygen permeation rate 
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[34-36]. The dopant prevents the phase transition from the cubic δ-phase to the 

monoclinic α-phase below ~730 
o
C [37]. The poor chemical stability of the 

bismuth oxide-based materials at low oxygen partial pressure severely limits 

their potential use as an oxygen separation membrane. Gadolinia-, terbia-, and 

praseodymia-doped ceria have been reported for use as an oxygen transport 

membrane [38-41], showing comparable oxygen permeation fluxes to δ-Bi2O3-

based membranes. 

1.3 Oxygen transport  

 When a gradient in oxygen chemical potential is imposed across a dense 

MIEC membrane, oxygen ions are transported from high to low oxygen chem-

ical potential. Charge neutrality is retained by a simultaneous counter transport 

of electrons as shown schematically in Fig. 1.3. Overall oxygen transport 

through the membrane is governed by (i) the surface exchange reaction at the 

feed side interface, (ii) electron (or electron hole) and oxygen ion diffusion in 

the bulk, and, (iii) the surface exchange reaction at the permeate side interface.  

 

Figure 1.3 Schematic illustration of the variation in oxygen chemical potential 

across interface and bulk regions of a MIEC membrane. 
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1.3.1 Wagner equation 

 The reaction between gas phase oxygen and lattice oxygen can be written 

as, using Kröger-Vink notation 

 
X

2 O OO 2V 4e 2O   (1.2) 

assuming that oxygen vacancies are fully ionized. The intrinsic ionization 

across the band gap, producing electrons and electron holes, can be expressed 

as 

 nil e h  . (1.3) 

The transport of each charge carrier under the influence of a spatial gradient in 

electrochemical potential is described by the Onsager equation. Neglecting 

cross terms between the fluxes, the Onsager equation reads 

 i
i i2 2

i


  j

z F
 (1.4) 

where i  is the gradient of the electrochemical potential of charge carrier i, 

iz  its charge number, F the Faraday constant, and i  the conductivity of the 

charge carrier. The electrochemical potential gradient, i  comprises a gradi-

ent in chemical potential, i , and a gradient in electrical potential, 
i ,  

 i i i iz F       (1.5) 

The fluxes of ionic and electronic defects are coupled to each other by charge 

balance, 

 2 eO h
2 j j j    (1.6) 

In view of Eqs. (1.2) and (1.3), the following differential relations hold at 

thermodynamic equilibrium,    
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2 O

O eV
2 4 0          (1.7) 

 eh
0      (1.8) 

where 
OV


 
is the chemical potential of an oxygen vacancy, e   and 

h
 the 

chemical potential of electron and electron hole, respectively. The oxygen flux 

through the membrane can be derived by combining Eqs. (1.4)-(1.8), using 

2 O
O V

1

2
j j  . One finds, 

 
2 2

ele ion
O O2 2

ele ion

1

4 +
j

F

 


 
    (1.9) 

where 
O

ion V
  and ele eh

     . Eq. (1.9) was first derived by Carl Wag-

ner and used in modeling of the scaling of oxides. Integrating Eq. (1.9)over 

membrane thickness, L, using the relationship 
2O 2ln ORT p   , yields the 

Wagner equation in its usual integral form, 

 

'
2

2

''
2

ln O

ele ion
O 22 2

ele ionln O

ln O
4 +

p

p

RT
j d p

F L

 

 
    (1.10) 

where 
'

2Op  and 
''

2Op
 
are the oxygen partial pressures at the feed and permeate 

sides of the membrane, respectively. Other parameters in Eq. (1.10) have their 

usual significance or have been specified above.  

1.3.2 Oxygen flux limitations by surface exchange  

 Eq. (1.10) has been derived assuming that the kinetics of oxygen transport 

across the MIEC membrane is governed by ambipolar diffusion of ionic and 

electronic charge carriers. It predicts that the oxygen flux would increase by 

reducing the thickness of the membrane. In practice, the oxygen flux increases 
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until it is entirely governed by the rate of oxygen surface exchange at the 

gas/solid interfaces, and no gain in oxygen flux can be obtained by further re-

ducing membrane thickness. Bouwmeester et al. [42] defined a characteristic 

thickness, Lc, at which point the flux is under equal control of oxygen diffusion 

and surface exchange. Under the assumption of linear kinetics of the relevant 

rate laws, the oxygen flux under conditions of mixed control of oxygen diffu-

sion and surface exchange is given by [42] 

 
O2

2

total

ele ion
O 2 2

ele ion

1 1

1 2 / 4 +c

j
L L F L

 

 


 


 (1.11) 

where 
O2

total is the total oxygen chemical potential difference across the mem-

brane. With the aid of the classical Nernst-Einstein equation, assuming the 

MIEC to exhibit predominant electronic conduction, the characteristic mem-

brane thickness, Lc, can accordingly be represented as [42], 

 
*

c *

D
L

k
  (1.12) 

where D
*
 (m

2
 s

-1
) and k

*
 (m s

-1
) are the tracer diffusion and surface exchange 

coefficients, respectively. The factor 2 in the denominator of Eq. (1.11) is sug-

gesting that surface exchange rate limitations occur at both membrane surfaces. 

The assumption of linear kinetics in its derivation implies that Eq. (1.11) is 

valid in the limit of small values for 
O2

total , hence, for small pO2 gradients 

across the membrane only.  

 The characteristic membrane thickness, Lc, for mixed ionic-electronic 

conducting perovskite-type oxide varies, typically, in the range 10-100 μm, 

while for fluorite-type oxides it may vary in the range of mm to cm [2]. Tech-

niques to estimate both parameters in Eq. (1.12) relevant for calculation of Lc 
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are discussed in the next sections, with emphasis on experimental evaluation 

and interpretation of data on oxygen surface exchange.  

1.4 Common experimental methods for evaluation of oxygen 

transport parameters  

1.4.1 Isotope exchange depth profiling method 

 A powerful method to measure both D
*
 and k

*
 is 

18
O-

16
O isotope exchange 

followed by ex-situ depth profiling (IEDP), usually by using secondary ion 

mass spectrometry (SIMS) [43]. In this method, a single crystal or well-

polished dense ceramic is first subjected to an 
18

O anneal for a fixed period of 

time. Subsequently, the sample is quenched, and the 
18

O diffusion profile in 

the oxide probed by depth profiling. The departure of the isotope composition 

at the oxide surface (x = 0) from that in the gas phase is accounted for by the 

boundary condition,  

 
18

* * 18 18o
o o g o

0

( )

x

f
D c k c f f

x



  


 (1.13) 

where co is the oxygen ion concentration in the oxide, 18

of  and
 

18

gf  
are the 

18
O 

isotope fractions in the oxide and gas phase, respectively. Eq. (1.13) assumes 

simple first-order kinetics for the surface exchange reaction, and is commonly 

referred to as McKay’s equation [44]. Fitting the measured 
18

O depth profile to 

the appropriate solution of Fick’s diffusion equation yields both k
*
 and D

*
 [42]. 

Although IEDP has been applied extensively for the evaluation of kinetic pa-

rameters of acceptor-doped fluorite- and perovskite-type oxides [43, 45-47], a 

clear drawback is that the method involves a number of rapid heating and 

quenching steps. Not only is this very time consuming, but also one must exer-

cise great care in order to avoid introducing artifacts and errors into the as-

sessment of the kinetic parameters. 
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1.4.2 Gas phase analysis during isotope exchange  

 A number of techniques are based on gas-phase analysis of the 
18

O con-

centration during 
18

O-
16

O isotope exchange with the oxide enclosed either in a 

vessel or a continuous flow reactor, using in-situ mass spectrometry [48, 49]. 

As holds for the IEDP method, the isotope exchange measurements are con-

ducted at isothermal and iso-pO2 conditions. In the gas-phase based methods, 

the 
18

O uptake by the oxide is monitored by measuring the time-dependent de-

cline of the 
18

O concentration in the gas phase during isotope exchange. In the 

pulse-isotope exchange (PIE) technique as employed in this Ph D work, an 

18
O-enriched gas phase pulse is passed through a continuous flow reactor load-

ed with the oxide [50]. The 
18

O uptake by the oxide during the residence time 

of the pulse in the reactor is assessed from the residual 
18

O concentration 

measured in the effluent pulse. The exchange rate 0 at the gas/oxide interface 

(x= 0) can be calculated from the appropriate integrated rate equations, derived 

from McKay’s first-order differential equation for isotope exchange (cf . with 

Eq. (1.13)),   

 

18

g 18 18

0 g o

0

1
( )

x

n f
f f

S t



  


 (1.14) 

where n is the number of oxygen atoms in the gas phase, S the oxide surface 

area available for exchange, and 0 (mol O m
-2

 s
-1

) the balanced exchange rate 

at equilibrium. Note from comparison of Eqs. (1.13) and (1.14): 0 = k
*
co. A 

key point to note is that in the case of mixed surface exchange and bulk diffu-

sion control the corresponding rate equations become rather complex. For ex-

ample, see Ref. [51, 52]. An advantage of 
18

O-
16

O isotope exchange methods 

based upon gas-phase analysis over, for example, the IEDP method is that the 

measured distribution 
18

O2, 
18

O
16

O, and 
16

O2 isotopomers in the gas phase pro-

vides additional information about the mechanism of the exchange reaction.  
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1.4.3 Electrical conductivity relaxation 

 In these experiments, the electrical conductivity of a dense ceramic oxide 

is in-situ monitored as a function of time after a small, instantaneous change of 

the surrounding oxygen partial pressure in the gas phase [48, 53-55]. Meas-

urements are conducted, at chosen conditions of temperature and oxygen par-

tial pressure, using usually a four-probe ac or dc technique to avoid polariza-

tion effects. The change in electrical conductivity relates to equilibration of the 

oxide towards a new oxygen stoichiometry. In view of the small change in ox-

ygen partial pressure the conductivity-stoichiometry relationship is linearized. 

Fitting the time-dependent conductivity to the appropriate non-equilibrium 

solution of Fick’s diffusion equation yields the chemical diffusion coefficient, 

Dchem (m
2
 s

-1
) and associated surface exchange coefficient, kchem (m s

-1
). The 

boundary condition often used in derivation is 

 
chem chem

0

( )
( ( ) )

x

c t
D k c t c

x





  


 (1.15) 

where c∞ is the equilibrium oxygen concentration at time t = ∞. The non-

equilibrium values Dchem and kchem relate to their corresponding equilibrium 

values D
*
 and k

*
. Neglecting correlation effects, these relationships can be rep-

resented as Dchem 
 
= D

* 
γ and kchem = k

* 
γ, where γ is a thermodynamic factor [48, 

54, 55] 

 2

O

ln O1

2 ln

p

c



 


 (1.16) 

relating oxygen concentration and oxygen partial pressure. Care must be taken 

in the experiments that the apparent characteristic time for gas switching is 

shorter than that of oxide (re-)equilibration. This implies that reactor residence 

times (= reactor volume/volumetric flow rate) must be sufficiently small [48, 

56]. 
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1.5 Mechanism of oxygen surface exchange 

 To date, mechanistic understanding of the oxygen exchange reaction is 

rather rudimentary. This is, at least in part, due to difficulties in probing oxy-

gen surface exchange at elevated temperatures, where these reactions are most 

pertinent. It is generally conceived that oxygen exchange between the gas 

phase and the oxide comprises a series of steps. Possible steps include gas 

phase diffusion, adsorption, dissociation, surface diffusion of intermediates, 

charge transfer, and finally incorporation of the oxygen ions into the oxide lat-

tice. Several intermediates may occur, such as 2,adO , 2,adO , and adO
. The over-

all exchange reaction can be written as  

 X

2 O OO 2V 4e 2O   (1.17) 

This reaction can be broken down in a number of reaction steps, each of which 

may be partially rate determining.  

 A possible, but certainly not exclusive, pathway for the oxygen reduction 

reaction (ORR), and subsequent incorporation of the oxygen ions into the ox-

ide is 

step 1  1

1
2 2,adO O

k

k
s  (1.18) 

step 2
a
  2

2
2,ad 2,adO e O

k

k

  (1.19) 

step 3
a
  3

3
2,ad adO e 2O

k

k
s    (1.20) 

 step4
a
  4

4

X

ad O OO e V O
k

k
s     (1.21) 

where s denotes an adsorption site. Electron transfer to adsorbed intermediates, 

as apparent in steps (1.19)-(1.21), occurs via the conduction band (CB) or the 
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valence band (VB). In the latter case, the kinetics of reactions is more appro-

priately described by writing reactions (1.19)-(1.21) as 

step 2
b
  2

2
2,ad 2,adO O +h

k

k


 (1.22) 

step 3
b
  3

3
2,ad adO 2O h

k

k
s    (1.23) 

step 4
b
  

4

4

X

ad O OO V O h
k

k
s     (1.24) 

The apparent pO2 dependence of the surface exchange rate, 0, is commonly 

interpreted, assuming i) a low coverage of adsorbed or oxygen intermediate 

species, ii) a single rate determining step (rds), while all other steps have at-

tained virtual equilibrium, iii) simple power law dependences of oxygen de-

fects and electronic charge carriers on pO2 , while disregarding iv) the possible 

relevance of reaction symmetry parameters analogous to that used in descrip-

tion of electrochemical electrode kinetics. For the sake of illustration, calculat-

ed power law dependences of the exchange rate, 0, on pO2, assuming succes-

sive steps (1.18)-(1.24) to be rate-determining, are shown in Table 1.1. The 

experimentally observed rate of 0 on pO2 could thus be helpful in assignment 

of the rds. Often, however, a number of different, alternative mechanisms may 

be proposed to explain the observed pO2 dependence of 0. In this Ph D study, 

correlations between 0 and other bulk properties, e.g., partial ionic and elec-

tronic conductivities, and oxygen vacancy concentration, are used in an at-

tempt to shed more light on possible factors determining the rate of the surface 

oxygen exchange on oxide ion conducting solids.  
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Table 1.1 Exponents n in the power law dependence of the overall exchange rate, 

0 2( O )np   calculated assuming each of reactions (1.18)-(1.24) to be the rate-

determining step (rds). Corresponding power law dependences of the bulk defects are 

taken as: 1[h ] [e ]  ~ (pO2)
x
 and 

O[V ] ~ (pO2)
y
, Charge neutrality requires 1+4x+2y 

= 0. Cases a and b refer to electron transfer via the conduction band (CB) and valence 

band (VB), respectively. 

 

 rds 

n 

Case a: electron 

transfer via CB 

  

n  

Case b: electron 

transfer via VB 

step 1 1 1 

step 2 1+x 1 

step 3 1+2x 1+x 

step 4  0.5+2x+y 0.5+x+y 

 

1.6 Scope of the thesis 

 The key objectives of the research described in this thesis are examination 

of the crystal structure and phase stability of selected perovskite- and fluorite-

structured oxides, and elucidation of the oxygen transport kinetics, with em-

phasis on the oxygen surface exchange properties, exhibited by these solids. 

 As mentioned above, the state-of-the-art mixed conducting perovskite-

type oxide Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) is known to decompose at moderate 

temperatures into a mixture of cubic and hexagonal polymorphs. In Chapters 2 

and 3, the phase stability and oxygen transport properties of BSCF are investi-

gated after partial substitutions of (Co,Fe) by Zr and Nb, respectively. In 
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Chapter 4, the corresponding crystal structures of both oxides are investigated 

using in-situ high-temperature neutron diffraction. In Chapters 5-8, oxygen 

surface exchange is studied on 25 mol% erbia-doped Bi2O3 (Chapter 5), SrTi1-

xFexO3-δ (Chapter 6), 20 mol% rare-earth oxide-doped CeO2 (Chapter 7), and 

La1-xSrxCoO3-δ (Chapter 8) using 
18

O-
16

O
 
pulse isotope exchange (PIE) tech-

nique. Finally, in Chapter 9, recommendations for future research are given. 
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2   

Chapter 2 

Phase transformation and oxygen equilibra-

tion kinetics of pure and Zr-doped 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ perovskite oxide 

probed by electrical conductivity relaxation 


 

Abstract 

Electrical conductivity relaxation is used for monitoring the cubic-to-

hexagonal phase transition in the perovskite-type oxide Ba0.5Sr0.5Co0.8Fe0.2O3-δ. 

After in-situ annealing at 900 ºC, at which temperature the cubic polymorph is 

stable, electrical conductivity relaxation experiments are conducted during 

long-term annealing at 800 ºC. The decreases in the surface exchange and 

chemical diffusion coefficients with time due to the sluggish phase transition 

are found to be correlated. It is demonstrated that B-site doping with Zr to an 

amount as low as 3 mol% stabilizes the high-temperature perovskite cubic 

phase of Ba0.5Sr0.5Co0.8Fe0.2O3-δ, with preservation of its high oxygen transport 

and exchange properties.  

  

                                                      
This chapter has been published in App. Phys. Lett. 96 (2010) 254101. 
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2.1 Introduction 

 Mixed electronic-oxygen ionic conducting oxides, where both oxygen 

ions and electrons are mobile, are presently considered for the separation of 

oxygen from air and as fuel cell electrodes. In particular, the perovskite com-

position Ba0.5Sr0.5Co0.8Fe0.2O3-δ (henceforth referred to as BSCF) has attracted 

much interest for its potential use as oxygen transport membrane [1, 2] and 

intermediate-temperature solid oxide fuel cell cathode [3]. BSCF exhibits high 

oxygen ionic conductivity, which is related to a high concentration of mobile 

oxygen vacancies. The oxygen nonstoichiometry of BSCF is as high as δ = 

0.66 at 600 ºC and pO2 = 1 atm and δ = 0.81 at 900 ºC and 10
-3

 atm [4]. De-

spite superior oxygen transport properties reported for BSCF, issues regarding 

its long-term stability remain to be solved. The oxygen permeation flux 

through a BSCF membrane decreases with time when measurements are con-

ducted below 825 ºC [2, 5]. This effect has been attributed to a structural 

change in BSCF and associated segregation of secondary phases to the surface 

[5]. Detailed X-ray diffraction (XRD) studies after long-term annealing of 

BSCF have revealed that the high temperature cubic structure gradually trans-

forms to a hexagonal phase below 900 ºC [6, 7]. The observed sluggish kinet-

ics of the phase transition is explained by significant structural rearrangements 

occurring upon transition and slow cation diffusion. Švarcová et al. [6] have 

rationalized the cubic-to-hexagonal phase transition of BSCF in terms of the 

radii of constituent cations through the Goldschmidt tolerance factor. The val-

ue of it depends in an intricate manner on temperature and oxygen partial pres-

sure, determining the concentration of the oxygen vacancies and oxidation 

state and, hence, effective radius of the B-cations. The authors suggested that 

the phase transition can be avoided by appropriate substitutions of the compo-

sition of BSCF. 
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 In the present work, we show the use of electrical conductivity relaxation 

(ECR) for probing the kinetics of the cubic-to-hexagonal phase transformation 

in BSCF. It is further demonstrated that B-site doping with Zr, to yield 

Ba0.5Sr0.5(Co0.8Fe0.2)1-xZrxO3-δ, to an amount as low as x = 0.03, prevents occur-

rence of the phase transformation. 

2.2 Experimental 

 Perovskite oxide powders with the stoichiometric composi-

tions Ba0.5Sr0.5(Co0.8Fe0.2)1-xZrxO3-δ with x = 0, 0.01, 0.03, 0.05, and 0.10 were 

prepared using the spray pyrolysis technique. The powders were ball-milled 

and calcined at 800 ºC for 6 h in air. Green cylinders were obtained by uniaxial 

pressing at 50 MPa followed by isostatic pressing at 400 MPa. Sintering was 

conducted at 1050 ºC for 3 h for the parent compound and at 1120 ºC for 30 h 

for the Zr-substituted samples. The relative density of the ceramics was in ex-

cess of 95%. The phase composition of the calcined powders was studied by x-

ray powder diffraction (PANanalytical PW1830) with Cu Kα radiation at room 

temperature. Scanning electron microscopy (SEM, Philips CM300ST-FEG) 

was used to investigate the microstructure of the sintered ceramics. 

 For conductivity relaxation measurements, rectangular sheets of size 

12×6×0.5 mm
3
 were cut out of the sintered cylinders, and the largest surfaces 

were polished using 1 μm grade alumina abrasive. The electrical conductivity 

was measured using a four-probe dc technique during oxidation and reduction 

step changes in pO2 between 1 and 0.33 atm. The pO2 of the gas streams was 

adjusted by appropriate mixing of N2 and O2 and monitored by an oxygen sen-

sor. The gas flow through the cell and current through the sample were kept at 

values of 300 ml min
-1

 and 0.3 A, respectively. The electrochemical cell was 

designed to enable gas switching faster than 0.1 s. Detailed descriptions of the 

ECR technique and model used for data fitting are given elsewhere [8, 9].
 
Prior 
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to experiments, the sample was in-situ annealed for 1 h at 900 ºC, where the 

cubic phase of BSCF is known to be stable, and subsequently cooled to 800 ºC 

with a rate of 7 ºC min
-1

. Conductivity relaxation experiments were performed 

during long-term annealing at this temperature on composi-

tions Ba0.5Sr0.5(Co0.8Fe0.2)1-xZrxO3-δ with x = 0 and 0.03. SEM observations of 

the samples used for the experiments (data not shown) revealed a high quality 

of ceramics with no open porosity or traces of liquid phase formation during 

sintering. 

2.3 Results and discussion 

 XRD analysis showed that all prepared phases possess the cubic perov-

skite structure. Except for the composition with the highest Zr content in this 

study, single phase materials were obtained. For the latter composition, XRD 

showed evidence of second phase formation. The cubic lattice parameters were 

found in compliance with Vegard’s law up to the composition x = 0.05, which 

suggests a solid solubility limit of ZrO2 in BSCF between 5 and 10 mol%. This 

result is in close agreement with the solid solubility limit of 10 mol% estab-

lished for the dissolution of ZrO2 in SrCo0.4Fe0.6-xZrxO3-δ [10]. 

 Fig. 2.1 shows typical conductivity relaxation curves acquired for pure 

BSCF ceramics during the long-term annealing at 800 ºC. Both curves corre-

sponding to reduction and oxidation runs are shown. The data demonstrate that 

the anneal treatment results in i) a slight decrease in the electrical conductivity 

[from 48 to 43 S cm
-1

 at pO2 = 1 atm, and from 40 to 36 S cm
-1

 at pO2 = 0.33 

atm, over 332 h], and ii) a significant increase in the time needed for oxygen 

equilibration. After 332 h, the overall oxygen equilibration kinetics is about a 

factor of 5 slower than the initial one due to the partial transformation of the 

cubic to the hexagonal phase. These data are consistent with the sluggish ki-

netics of the cubic-to-hexagonal phase transition as evidenced by long-term 
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annealing studies using XRD [6, 7]. Unlike XRD, ECR is able to spur the ef-

fect of the phase transition on the oxygen equilibration kinetics already after 

several tenths of hours. 

 

Figure 2.1 Conductivity relaxation curves obtained for pure BSCF during long-

term annealing at 800 ºC; (a) oxidation runs [pO2 = 0.33→1 atm], and (b) reduction 

runs [pO2 = 1→0.33 atm]. Numbers denote the annealing time (in hours). 
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Figure 2.2 Variation in the (a) oxygen exchange coefficient, kchem and (b) chemical 

diffusion coefficient, Dchem, with time during long-term annealing of pure BSCF at 

800 ºC. Data are obtained from conductivity relaxation experiments on reduction 

(open symbols) and oxidation (filled symbols). The dashed lines are the guides to 

the eye. The inset shows log kchem vs log Dchem. Numbers denote the annealing time 

(in hours). The additional data point in this figure (inset) is the corresponding value 

for 3 mol% Zr-doped BSCF measured at 800 ºC.  
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 Fig. 2.2 shows deconvoluted surface exchange and chemical diffusion 

coefficients, kchem and Dchem, respectively, as derived from the data of ECR on 

BSCF as a function of the time of annealing at 800 ºC. Both parameters de-

crease approximately a factor of 5 within the first 50 h of the experiment. It 

should be emphasized that both kchem and Dchem are restored again to their ini-

tial values after 1 h annealing at 900 ºC, and subsequently cooling to 800 ºC. 

The oxygen exchange kinetics of BSCF have been studied by several research-

ers [11-13].
 
The present results clearly suggest that the partial transformation 

of the cubic to the hexagonal phase contributes to disparities of published data 

on kchem and Dchem for BSCF. 

 In part, this study was conducted to determine whether the oxygen surface 

exchange or diffusion kinetics is affected by the cubic-to-hexagonal phase 

transition, or that both are affected. The observed decreases in kchem and Dchem 

of BSCF with the time of annealing at 800 ºC can be explained by the poor 

exchange and diffusion properties of the hexagonal compared with the cubic 

phase. To our surprise, however, the decrease in kchem is found to vary linearly 

with the decrease in Dchem. The log-log plot of the values of kchem versus Dchem 

measured during long-term annealing yields a slope equal to unity [see the in-

set in Fig. 2.2 (b)]. The surprise arises from the fact that the surface exchange 

is a two-dimensional process, occurring at the surface of the oxide ceramics 

exposed to the gas phase, whereas diffusion in the ceramic is a three-

dimensional process. The present results suggest that kchem versus Dchem derived 

from experiment are effective quantities, containing a common factor which is 

influenced by the degree of transformation of the cubic to the hexagonal phase. 

We are inclined to attribute the correlation between the decreases in both ki-

netic parameters during long-term annealing to the influence of grain bounda-

ries on the oxygen equilibration kinetics. Formation of nuclei and growth of 

the hexagonal phase at the grain boundaries will restrict the overall rate of the 
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surface exchange reaction, and simultaneously reduce grain boundary diffu-

sion. Preis and Sitte [14] have shown that the solution of the diffusion equation 

with limited surface exchange for polycrystalline materials still holds by intro-

ducing effective kinetic parameters which take into account fast diffusion and 

surface exchange at grain boundary regions. More research is, however, re-

quired to fully understand the observed correlation between the decreases in 

kchem and Dchem upon partial transformation of the cubic to hexagonal phase in 

BSCF. 

 Fig.2.3 shows conductivity relaxation data obtained for 3 mol % Zr-doped 

BSCF at 800 ºC. No changes in electrical conductivity and equilibration rates 

are observed even after an annealing time of 260 h. It is stressed here that the 

amount of Zr as low as 3 mol% turns out to be sufficient to prevent the cubic-

to-hexagonal phase transition as observed in pure BSCF, and to preserve its 

high oxygen exchange and transport properties [see the inset in Fig. 2.2 (b)]. 

Traces of the hexagonal phase did not show up in XRD patterns of the ceram-

ics after completion of the ECR measurements, as were found in the case of 

pure BSCF. Both kchem and Dchem for 3 mol% Zr-doped BSCF show Arrhenius 

type of behavior, with activation energies 88 (8) and 107 (8) kJ mol
-1

, respec-

tively, as extracted from ECR data (oxidation runs) in the range 650-800 ºC. 
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Figure 2.3 Conductivity relaxation curves obtained for 3 mol% Zr-doped BSCF 

during long-term annealing at 800 ºC immediately after annealing at 900 ºC and 

after 260 h; (a) oxidation runs [pO2 = 0.33→1 atm], and (b) reduction runs [pO2 = 

1→0.33 atm]. 
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2.4 Conclusions 

 In conclusion, the kinetics of the cubic-to-hexagonal phase transition oc-

curring in BSCF at moderate temperatures has been monitored using ECR. 

The sluggish kinetics of the phase transformation at 800 ºC results in an asso-

ciated fivefold drop of the values of kchem and Dchem within the first 50 h. Of 

notable surprise is the one-to-one correlation in the decreases in the apparent 

values of the surface exchange and chemical diffusion coefficients. It is further 

shown that doping of BSCF with ZrO2 as low as 3 mol% is effective in stabi-

lizing the high-temperature cubic phase with preservation of the high oxygen 

transport and exchange properties of BSCF as demonstrated in conductivity 

relaxation experiments at 800 ºC during extended annealing over a time of 260 

h.  
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Note Added in Proof 

 In follow-up research, it was found by means of scanning electron micros-

copy and energy dispersive X-ray analysis that the ceramic specimens used for 

electrical conductivity relaxation (ECR), i.e., after completion of the meas-

urements, were partially covered with BaSO4 crystals. After dedicated testing, 

the origin of the sulfur appeared to be the sulfur-containing binder in the con-

ductive gold paste (Alfa Aesar GmbH, Germany, LOT number: D13R009) 

used to improve the electrical connections. Since it cannot be excluded that the 

results are influenced by the sulfur contamination selected experiments were 

conducted again, using sulfur-free gold paste instead, in order to verify and re-

evaluate, if necessary, the results presented in this chapter, being published in 

App. Phys. Lett. 96 (2010) 254101.   

 Typical normalized conductivity relaxation curves for parent BSCF and 3 

mol% Zr-doped BSCF (BSCFZ3) ceramics recorded during long-term anneal-

ing in pure oxygen, at 800 
o
C, are given in Fig. 2.A.1. The experiments were 

conducted similarly as described in the main text, using rather sulfur-free gold 

paste (MaTeck GmbH, Germany, catalogue number: 902949) to improve the 

electrical connections in the electrochemical cell. The chemical exchange 

(kchem) and diffusion (Dchem) coefficients extracted from the experiments as 

well as the apparent correlation found between both parameters, as displayed 

in Fig. 2.A.2., are found to be in excellent agreement with the previous find-

ings (see corresponding figures in the main text). X-ray diffraction patterns of 

the ceramic specimens recorded after completion of the long-term (200 h) 

ECR tests are shown in Fig. 2.A.3. Evidence is found for the formation of hex-

agonal polymorphs in BSCF, but not in 3 mol% Zr-doped BSCF. At present, 

ongoing research is directed towards confirmation of the apparent phase stabil-

ity of Zr-doped BSCF at different temperatures using scanning electron mi-
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croscopy (SEM) and high-resolution transmission electron microscopy 

(HRTEM). 

 

 

Figure 2.A.1 Typical normalized conductivity relaxation curves for (a) BSCF and 

(b) 3 mol% Zr-doped BSCF (BSCFZ3) recorded during long-term annealing, at 800 

ºC, in flowing oxygen. Results from both reduction and oxidation step changes in 

pO2 are shown (from pO2 = 1 atm to pO2 = 0.33 atm, and vice versa).  
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Figure 2.A.2 (a) Dchem and kchem as a function of time, and (b) log Dchem vs log kchem 

for BSCF and 3 mol% Zr-doped BSCF (BSCFZ3). Parameters extracted from data 

of conductivity relaxation experiments during long-term annealing, at 800 ºC, in 

flowing oxygen. Results from reduction and oxidation step changes in pO2 are 

shown (from pO2 = 1 atm to pO2 = 0.33 atm, and vice versa). 

 

(a) 

(b) 
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Figure 2.A.3 X-ray diffraction patterns of BSCF and 3 mol% Zr-doped BSCF 

(BSCFZ3) ceramics recorded after long-term (200 h) electrical conductivity relaxa-

tion experiments, at 800 ºC, in flowing oxygen (G: gold, and  H: 2H hexagonal 

phase). 
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Chapter 3 

Performance and stability of niobium-

substituted Ba0.5Sr0.5Co0.8Fe0.2O3-δ membranes 


 

Abstract 

The phase stability, thermal expansion, electrical conductivity, and oxygen 

permeation of perovskite-type oxides Ba0.5Sr0.5(Co0.8Fe0.2)1-xNbxO3-δ (x = 0-0.2) 

have been investigated. Room-temperature X-ray diffraction of as-prepared 

powders indicates that in the investigated compositional range solid solutions 

are formed. Long-term annealing experiments both in flowing air and nitrogen, 

at 750 ºC, demonstrate that the phase instability observed in parent 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) is suppressed already at the minimum substitu-

tion of 5 mol% of niobium for (Co,Fe). Both electrical conductivity and ther-

mal expansion are found to decrease with increasing niobium concentration, 

which behaviors can be explained by defect chemical considerations, taking 

into account charge compensation mechanisms by doping BSCF with Nb
5+

 

donor cations. The oxygen permeation flux of 10 mol% Nb-substituted BSCF, 

in the range 800-900 ºC, is reduced by 10% relative to that found for parent 

BSCF. Switching from helium to a CO2-containing purge gas results in a se-

vere reduction or cessation of the oxygen flux. Options are discussed to avoid 

undesired formation of surface carbonates.  

                                                      
This chapter has been published in Solid State Ionics 195 (2011) 1. 



Chapter 3 

 38 

3.1 Introduction 

 Mixed ionic and electronic conducting ABO3-δ perovskite-type oxides 

have attracted much interest for potential applications as oxygen separation 

membranes and as cathodes in solid oxide fuel cells (SOFCs). Among the per-

ovskite oxides under intensive research and development is 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF). Although being a predominant electronic con-

ductor, BSCF displays fast oxide-ion conduction owing to its extraordinarily 

high concentration of mobile oxygen vacancies [1-3]. The oxygen nonstoichi-

ometry can be as high as δ ≈ 0.8 at 900 ºC and pO2 = 10
-3

 atm, while a cubic 

perovskite structure is still retained [1]. As a consequence, excellent perfor-

mance has been demonstrated using BSCF both as an oxygen separation mem-

brane and as a SOFC cathode [4, 5]. 

 In their pioneering study on oxygen permeation through La1- xSrxCo1-

yFeyO3-δ membranes, Teraoka et al. [6] found the highest oxygen flux for 

SrCo0.8Fe0.2O3-δ. Ionic charge compensation upon A-site substitution of diva-

lent Sr for trivalent La induces formation of oxygen vacancies, which become 

mobile at elevated temperatures. The cubic perovskite structure SrCo0.8Fe0.2O3-

δ is stabilized by the substitution of 20 mol% iron for cobalt at the B-site, not-

ing that the end-member in the series, SrCoO3-δ, transforms under air at 

~940 ºC from a cubic to a non-perovskite phase with hexagonal symmetry (2H 

structure) with face-shared octahedra [7]. Other studies have, however, 

demonstrated that SrCo0.8Fe0.2O3-δ undergoes a transition to a vacancy-ordered 

brownmillerite phase below a pO2 of 0.01 atm at ~790 ºC [8, 9]. The undesira-

ble ordering of the oxygen vacancies, which reduces the rate of oxygen perme-

ation, can be suppressed by partial substitution of barium for strontium [4, 9, 

10]. Enhanced ionic over electronic charge compensation of the divalent A-site 

cations, induced by substituting barium for strontium, is found to increase fur-

ther the concentration of oxygen vacancy defects relative to that in parent 
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SrCo0.8Fe0.2O3-δ, as demonstrated by in-situ neutron diffraction experiments at 

elevated temperatures [9]. The influence of Ba-substitution on the oxygen 

permeation rate of SrCo0.8Fe0.2O3-δ has been investigated by Shao et al. [4]. 

 The partial substitution of barium (1.61 Å) for the smaller-sized strontium 

(1.44 Å) cations in SrCo0.8Fe0.2O3-δ, however, affects the relative stability of 

the cubic perovskite phase. Recent studies by means of X-ray diffraction 

(XRD) and transition electron microscopy (TEM) give evidence of a miscibil-

ity gap in the phase diagram associated with BSCF, transforming the high-

temperature cubic perovskite phase into a mixture of cubic and hexagonal 

phases [11-14]. The slow, but reversible, phase transformation process causes 

the oxygen permeation rate of BSCF to deteriorate with time when operated 

below the critical temperature of ~850 ºC [14-16]. Another problem encoun-

tered relates to a poor stability of BSCF in CO2-containing environments due 

to carbonate formation (and concomitant decomposition of the perovskite 

phase) [17-19]. 

 In the present study, we have investigated the effect of partial substitution 

of niobium for both cobalt and iron on phase stability, thermal expansion, elec-

trical conductivity, and oxygen permeation of BSCF. 

3.2 Experimental 

 Powders of Ba0.5Sr0.5(Co0.8Fe0.2)1-xNbxO3-δ with x = 0.05, 0.10, 0.15, and 

0.2 (abbreviated as BSCFN05, -10, -15, and -20, respectively) were prepared 

by solid state reaction. Stoichiometric amounts of BaCO3, SrCO3, Co3O4, 

Fe2O3, and Nb2O5 (Sigma-Aldrich, > 99%) were ball-milled in isopropanol for 

24 h. The powder mixtures were dried, calcined in air at 950 and 1000 ºC for 

10 h at each temperature with intermediate milling in a mortar for 2 h, and 

subsequently cooled with 3 
o
C min

-1
 to room temperature. Pure 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) powder prepared by solid state reaction was 
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obtained from the Fraunhofer Institute for Ceramic Technologies and Systems 

(IKTS). 

 The chemical composition of the powders was analyzed by X-ray fluores-

cence (XRF, Philips PW1480). The phase stability of Nb-substituted BSCF 

was investigated by long-term annealing powders, at 750 ºC, either in flowing 

air for 240 h or nitrogen for 100 h. Prior to long-term annealing, the powders 

were annealed in air at 1100 
o
C for 10 h. X-ray powder diffraction (XRD) pat-

terns were recorded at room temperature using a Philips PANanalytical 

PW1830 diffractometer. Lattice parameters were indexed and refined using the 

FullProf program [20]. 

 Powders of the different compositions were uniaxially pressed 

( = 20 mm) at 50 MPa followed by isostatic pressing at 400 MPa for 3 min. 

The obtained pellets were sintered in air at temperatures 1170-1190 ºC for 10 h 

using heating and cooling rates of 1 ºC min
-1

. Densities of the sintered pellets 

( = 15.5 mm) were measured by the Archimedes method in mercury. The 

microstructure of the dense ceramics was examined by scanning electron mi-

croscopy (SEM, JEOL JSM-5600LV). Thermal expansion was measured on 

sintered cylindrical samples ( = 6 mm, length 12 mm) using a Netzsch Dil-

402C dilatometer. Measurements were conducted in air, at a heating rate of 

3 ºC min
-1

, from room temperature up to 1050 ºC. For electrical conductivity 

measurements, rectangular sheets of size 12 × 6 × 0.5 mm
3
 were cut from the 

sintered pellets and polished with 1 μm grade alumina abrasive. Measurements 

were conducted isothermally, under flowing air (300 ml min
-1

) by a 4-probe 

DC technique using Au electrodes at a current of 300 mA supplied by a 

Keithley 2400 source meter. The temperature was incremented stepwise, with 

a heating rate of 7 ºC min
-1

, from room temperature up to 900 ºC. At each tem-
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perature step, the sample was allowed to equilibrate for at least 1 h prior to 

data acquisition. 

 For oxygen permeation measurements, the sintered pellets were shaped 

into discs ( = 15 mm) and polished with 120, 240, 600, and 1200 mesh SiC 

sandpaper to a final thickness of 1 mm. Glass rings were used to seal the disc 

membrane into a quartz reactor by holding at a temperature of 1020 ºC for 

30 min. The temperature of the disc was monitored by a thermocouple. After 

sealing, the membrane was cooled to 900 ºC. Synthetic air and high purity He 

were fed to opposite sides of the membrane at flow rates of 100 and 50 ml 

min
-1

, respectively. Permeation measurements were conducted sequentially at 

900, 875, 850, 825 and 800 ºC. The oxygen flux was measured for 5 h at each 

temperature. Post-test inspection using a light microscope revealed no obvious 

evidence for a reaction between the glass ring and the ceramic membrane. In 

order to investigate the effect of CO2 on oxygen permeation, the sweep gas 

was switched from He to a He/CO2 gas mixture or pure CO2. Gas flow rates 

were controlled using mass flow controllers (Brooks, 5850s). The effluent gas 

was analyzed by on-line gas chromatography (Varian, CP4900). The gas 

chromatograph, equipped with a 5 Å molecular sieve column, using He as car-

rier gas, was calibrated using standard gas mixtures (O2, N2 in He). Gas leak-

age, if present, could be monitored by measuring the concentration of nitrogen 

in the sweep gas, and was found normally below 1%. Permeation data were 

corrected for leakage, assuming defects and/or pinholes to be non-selective for 

gas leakage. A detailed description of the experimental set-up used for oxygen 

permeation measurements is given elsewhere [21]. 
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3.3 Results and discussion 

3.3.1 Structure and phase analysis 

 Chemical compositions of the calcined powders determined by XRF are 

listed in Table 3.1. These match well with their nominal compositions, albeit 

that the cobalt contents are slightly lower than that in the corresponding nomi-

nal compositions probably due to cobalt evaporation during the calcination 

procedure (see experimental section). 

 

Table 3.1 Composition and lattice parameters of BSCFN05, BSCFN10, BSCFN15, 

and BSCFN20. 

 

Nominal 

composition 

Ba0.50Sr0.50Co0.76 

Fe0.19Nb0.05O3- 

Ba0.50Sr0.50Co0.72 

Fe0.18Nb0.10O3- 

Ba0.50Sr0.50Co0.68 

Fe0.17Nb0.15O3- 

Ba0.50Sr0.50Co0.64 

Fe0.16Nb0.20O3- 

XRF results 
Ba0.500Sr0.502Co0.749 

Fe0.186Nb0.05O3- 

Ba0.500Sr0.502Co0.710 

Fe0.176Nb0.10O3- 

Ba0.500Sr0.503Co0.666 

Fe0.166Nb0.15O3- 

Ba0.500Sr0.503Co0.629 

Fe0.156Nb0.20O3- 

Lattice pa-

rameter (Å) 

 

3.9880 (2) 

 

3.9896 (2) 

 

3.9906 (3) 

 

3.9914 (2) 

Lattice vol-

ume (Å3) 

 

63.425 (7) 

 

63.501(6) 

 

63.545 (4) 

 

63.586 (5) 

 

Ba0.5Sr0.5(Co0.8Fe0.2)1-xNbxO3-δ form solid solutions over the investigated range 

of Nb-substitution. XRD patterns of the calcined powders collected at room 

temperature are shown in Fig. 3.1. Diffraction peaks could be indexed on the 

basis of the cubic perovskite structure. No evidence was found from XRD for 

second phase formation in each of the compositions. Corresponding lattice 

parameters from refinement are listed in Table 3.1. The lattice parameter is 

found to increase with Nb content, which is expected in view of the larger ion-

ic radius of Nb
5+

, 0.64 Å (in 6-fold coordination) relative to that of Co
3+

, 

0.61 Å and 0.545 Å, in high- and low-spin configuration, respectively, or Co
4+

, 
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0.53 Å in high-spin configuration [22], ignoring the possible presence of Co
2+

-

ions (0.65 Å and 0.745 Å, in high- and low-spin configuration, respectively) in 

the room temperature structure of BSCF. An average oxidation state of 3.4 for 

(Co, Fe) can be calculated from data of oxygen nonstoichiometry of BSCF 

powder slowly cooled to room temperature [23], whilst data from X-ray pho-

toelectron spectroscopy entirely discard the presence of Co
2+

 [24]. In view of 

these observations, it is reasonable to assume that the partial substitution of 

Co
2+

 by Nb
5+

, relative to the substitutions of Co
3+

 and Co
4+

 by Nb
5+

, will only 

give a small or negligible contribution to the observed change in the lattice 

parameter.   

 

Figure 3.1 X-ray powder diffraction patterns of niobium-substituted BSCF compo-

sitions collected at room temperature. 

 

 The SEM images of sintered discs of BSCFN05, - 10, - 15, and - 20 dis-

play many pores (Fig. 3.2). The corresponding relative densities measured by 

the Archimedes method are 89, 93, 95, and 96%, respectively, which agree 
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with estimated values from the corresponding SEM images. All samples, ex-

cept BSCFN05, were found to be gas-tight, enabling oxygen permeation 

measurements. 

 

Figure 3.2 Cross-sectional SEM images of sintered membranes of (a) BSCFN05, 

(b) BSCFN10 , (c) BSCFN15, and (d) BSCFN20. 

 

3.3.2 Phase stability 

 Fig. 3.3 (a) and (b) shows XRD patterns of powders annealed, at 750 
o
C, 

in air for 240 h and in N2 for 100 h, respectively. Peaks corresponding to a 

hexagonal phase are observed in the XRD patterns of BSCF powders annealed 

in both atmospheres, consistent with previous reports [11] and [12], but none 

in those obtained for the Nb-substituted compositions. The relative stability of 

cubic and hexagonal perovskite polymorphs is often rationalized by means of 
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calculation of the Goldschmidt tolerance factor, t = (rA + rO)/[√2(rB + rO)], 

where rA, rB, and rO are the radii of the A- and B-site cations and the oxygen 

anions in the ideal ABO3 perovskite structure. As stated by Goldschmidt [25], 

 

 

Figure 3.3 X-ray powder diffraction patterns of BSCF and niobium-substituted 

BSCF collected at room temperature after prolonged annealing in (a) air at 750 °C 

for 240 h, and (b) nitrogen at 750 °C for 100 h. Reflections of the evolving hexago-

nal phase are denoted by arrows.  
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the cubic perovskite structure is preferred when t is between 0.8 and 1, whilst 

for t > 1 formation of the hexagonal structure is preferred. Decreasing the ionic 

radius of the B-site ion thus favors formation of the hexagonal polymorph. The 

oxidation states of Co and Fe, and, hence, their ionic radii vary with tempera-

ture and oxygen partial pressure. Since the reduced cations tend to be larger in 

size than their oxidized forms, their presence will favor formation of the cubic 

perovskite polymorph at high temperatures. It is challenging to predict the sta-

bility window of the cubic perovskite phase of Nb-substituted BSCF in terms 

of temperature, oxygen partial pressure and Nb-substitution level, since calcu-

lation of t in the presence of mixed occupancy of A and B-sites, different va-

lencies and spin states of Co and Fe ions, and oxygen deficiency is not 

straight-forward and unambiguous. The mere conclusion from the above ob-

servations is that substitution of 5 mol% Nb for (Co,Fe) in BSCF is effective 

in stabilization of the cubic perovskite phase under the conditions covered in 

this work. It should be mentioned that in previous research we demonstrated 

that the inherent phase stability of BSCF at moderate temperatures could be 

overcome by B-site doping with Zr
4+

 (0.72 Å) to an amount as low as 

3 mol% [26]. Excellent stability was found during conductivity relaxation ex-

periments conducted during long-term annealing at 800 ºC. Since the phase 

transformation in BSCF is rather complex and likely involves complex recon-

structive structural reorganizations, associated with long-range diffusion of 

cations [14], the role of kinetic factors and meta-stability of the cubic poly-

morph at moderate temperatures cannot be excluded. 

3.3.3 Thermal expansion 

 Fig. 3.4 shows the thermal expansion behavior of compositions 

Ba0.5Sr0.5(Co0.8Fe0.2)1-xNbxO3-δ, with x = 0, 0.05, 0.10, 0.15, and 0.2, measured 

by dilatometry. Due to equilibration with the ambient air at elevated tempera-
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tures, two regions can be identified. In the low-temperature region, 200-500 
o
C, 

the thermal expansion coefficients (TECs) are found to vary between 9 × 10
-

6
 and 11 × 10

-6
 
o
C

-1
, as shown in the inset of Fig. 3.4. In the high-temperature 

region, 500-1050 ºC, the TECs are comparatively high, varying between 

 

Figure 3.4 Thermal linear expansion for Ba0.5Sr0.5(Co0.8Fe0.2)1-xNbxO3-δ heated in 

flowing air (at 3 ºC min
-1

). The inset shows the calculated thermal expansion coef-

ficient (TEC) as a function of Nb-content in different temperature regions. Num-

bers in the figure denote the mole percentage (mol%) of  Nb.  

 

16 × 10
-6

 and 19 × 10
-6

 
o
C

-1
. The increase in TEC above 500 ºC is due to equi-

libration of the oxide with the ambient atmosphere, i.e., the chemical expan-

sion associated with the release of lattice oxygen, and the concomitant reduc-

tion of the cobalt and iron ions [1, 3]. The change-over temperature between 

the two regions will be strongly influenced by the sample's ability to exchange 

oxygen with the surroundings, and, hence, by sample dimensions and heating 

rate. The total expansion, thermal plus chemical, in the high-temperature re-

gion is found to decrease with increasing niobium content, and reflects the 
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non-redox active nature of the niobium cations [27]. The variation of the TEC 

with niobium content in the low-temperature region, where the oxygen stoi-

chiometries are frozen-in, is not well understood, but may depend on the con-

ditions maintained during cooling and the oxygen equilibration kinetics of the 

samples. 

3.3.4 Electrical conductivity 

 Fig. 3.5 shows Arrhenius plots of the total electrical conductivities of 

Ba0.5Sr0.5(Co0.8Fe0.2)1-xNbxO3-δ (x = 0, 0.05, 0.10, 0.15, and 0.2) in air. Due to 

the equilibration with ambient air at elevated temperatures, again two regions 

can be identified that are characterized by different activation energies. The 

change-over temperatures for each of the compositions are, however, different 

from those observed in the data from dilatometry (see Fig. 3.4), which is at-

tributed to differences in the data acquisition of both methods. While the dila-

tometric measurements were carried out on (6 mm () × 12 mm) cylindrical 

specimens, using a constant heating rate of 3 ºC  min
-1

, the conductivity meas-

urements were performed isothermally, allowing the sample (12 × 6 × 0.5 mm
3
) 

to equilibrate at least 1 h before data collection. The discrepancy in the 

change-over temperature between regions in the data from electrical conduc-

tivity and dilatometric measurements will depend on applied heating rate and 

dimensions of the specimen used in the latter type of experiment. No attempt 

was made to investigate this any further as similar observations have been 

published in other reports, for example, see Refs [28, 29]. 

 In the following discussion, the ionic contribution to the total electrical 

conductivity is neglected. The latter is considered reasonable, at least for 

BSCF. Using data of oxygen permeation measurements, Lu et al. [30] extract-

ed values for the ionic conductivity of BSCF, in the range 700-850 ºC, of 0.53-
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1.17 S cm
-1

, which are one to two orders of magnitudes below values for the 

electrical conductivity at corresponding temperatures. 

 Data from electrical conductivity, thermal power and oxygen nonstoichi-

ometry of pure BSCF support p-type small polaron hopping between 

(Co,Fe)
4+

 and (Co,Fe)
3+

 cations [31, 32]. In the low-temperature region, i.e., at 

frozen-in oxygen nonstoichiometries, the p-type charge carrier concentration is 

constant while the mobility of the carrier is thermally activated. The activation 

energy of the conductivity in this region thus reflects that of the mobility of the 

small polarons. Apparent activation energies calculated from the data shown 

in Fig. 3.5, in the range 100-340 ºC, are 0.25, 0.33, 0.36, 0.31, and 0.29 eV for 

BSCF and BSCFN05, -10, -15, and -20, respectively. Above ~340 ºC, where 

the oxygen equilibration kinetics are fast enough, the formation of oxygen va-

cancies results in an effective decrease of the carrier concentration. In this 

temperature region, changes in the polaron mobility counteract with changes in 

the carrier concentration. In the case of BSCF, this leads to an apparent maxi-

mum in the conductivity at the change-over temperature of ~340 ºC 

(see Fig. 3.5 (a)). The substitution of Nb
5+

 ions, acting as a donor in BSCF, 

compensates the divalent (Ba,Sr)
2+

 acceptor ions, and forces a net lowering in 

the concentration of oxygen vacancies and that of p-type carriers. As a conse-

quence, as seen from Fig. 3.5, the electrical conductivity is lowered by increas-

ing the level of Nb-substitution in BSCF. The electrical conductivities of Nb-

substituted BSCF specimens are rather low, noting that conductivities of at 

least 100 S cm
-1

 are required for use as cathodes in SOFCs. 
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Figure 3.5 Temperature dependence of the electrical conductivity (σ) of 

Ba0.5Sr0.5(Co0.8Fe0.2)1 -xNbxO3-δ measured in air: (a) linear plot, and (b) Arrhenius 

plot. Numbers in (a) denote the mole percentage (mol%) of Nb.  
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3.3.5 Oxygen permeation 

 In view of the prevailing electronic conductivity of BSCF, the rate of ox-

ygen permeation is dominated by its ionic conductivity. The data of oxygen 

permeation measurements from this study confirm the lowering in oxygen va-

cancy concentration and, hence, in ionic conductivity of BSCF upon partial 

substitution of (Co,Fe) by Nb. Fig. 3.6 shows that under identical conditions of 

temperature and flow rates of purge gases, the oxygen flux of BSCFN20 is 

lower by almost 65% relative to that observed for the parent BSCF phase. For 

BSCFN10, the lowering in oxygen flux is only ~10% relative to that of BSCF. 

Due to problems encountered in the densification of BSCFN05 ceramics, per-

meation measurements were not performed for this composition. Furthermore, 

as mentioned in the Introduction section, the oxygen permeation rate of the 

parent BSCF phase is subject to degradation when operated below 

~850 ºC [11, 12, 14, 15].  

 

Figure 3.6 Temperature dependence of the oxygen permeation flux of BSCF, 

BSCFN10, BSCFN15, and BSCFN20. Membrane thickness: 1 mm, feed gas: air 

(100 ml min
-1

), sweep gas: He (50 ml min
-1

).  
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As an example, the oxygen flux at 750 ºC is found to deteriorate about 50% 

after 240 h [14]. In the present study, the oxygen flux was allowed to equili-

brate for a few hours at each temperature set-point before actual data acquisi-

tion. For pure BSCF, the degradation of the oxygen flux within these equili-

bration periods was within 1-2%. Consistent with the results from XRD 

(See Section 3.3.2), no inherent degradation of the oxygen flux was found for 

the Nb-substituted solid solutions, which renders these compositions, especial-

ly at low Nb-concentrations, as attractive alternatives to BSCF membranes. 

 Another incentive to partial substitution of niobium for (Co,Fe) in this 

study has been to increase the surface acidity of BSCF, attempting to improve 

its CO2 tolerance. Exposure of BSCF-membranes to CO2-containing gas 

streams is known to induce deterioration of the oxygen fluxes over time due 

formation of surface carbonates and concomitant partial decomposition of the 

perovskite phase [17, 18]. Fig. 3.7 shows that changing from helium to pure 

CO2 as purge gas, at 875 ºC, results in an immediate cessation of the oxygen 

flux through a BSCFN10 membrane, and to full recovery of the oxygen flux 

when the sweep gas is switched back to helium. The latter suggests re-

formation of the cubic perovskite phase when the membrane is exposed to he-

lium again. A degradation of the oxygen flux is also observed when 10% 

CO2/He is used as sweep gas, albeit that 6-8 h are needed to establish a new 

steady-state, where the flux is reduced by almost 60% (see Fig. 3.7). Similar 

performance degradations have been reported for pure BSCF [17, 19] and Ba-

Co0.4Fe0.4Nb0.2O3-δ [33]. The authors from these studies demonstrated the 

growth of a carbonate surface layer during exposure to CO2, which is limited 

by the outward diffusion of barium and/or strontium cations, and formation of 

an adjacent multi-phase decomposed zone.  

 The above results indicate that other strategies than partial substitution of 

(Co,Fe) in BSCF by Nb need to be developed to increase its CO2-tolerance. An 
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obvious consideration is to avoid the use of barium in the perovskite phase, 

and to replace it by its smaller alkaline-earth counterparts. Another strategy is 

to operate the membrane below the equilibrium partial pressure of CO2 for the 

decarboxylation reaction of BaCO3, BaCO3 → BaO + CO2, suppressing its 

formation. Simple calculation, using thermodynamic data in [34], yields equi-

librium CO2 pressures due to decomposition of BaCO3 and SrCO3 of 87 and 

3302 Pa at 900 ºC, and 270 and 8854 Pa at 950 ºC, respectively (see Fig. 3.8). 

Unless demanded by the targeted application, however, increasing the mem-

brane operation temperature is not a preferred way to go as this will have a 

major impact on stability-related issues, such as creep, which is known to be 

strongly thermally activated (> 250 kJ mol
-1

) [35]. 

 

Figure 3.7 Time dependence of the oxygen permeation flux of a BSCFN10 mem-

brane at 875 °C after switching from pure helium to 10% CO2/He (at 0 min), in 

reverse direction (at 200 min), and from pure helium to pure CO2 (at 400 min). 

Membrane thickness: 1 mm, feed gas: air (100 ml min
-1

), sweep gas: He, 10% 

CO2/He or pure CO2 (50 ml min
-1

). 
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Figure 3.8 Temperature dependences of the calculated equilibrium CO2 pressure 

over BaCO3 and SrCO3. 

 

3.4 Conclusions 

 It is demonstrated that partial substitution of niobium for (Co,Fe) in BSCF 

suppresses the phase instability as apparent in the parent oxide at intermediate 

temperatures (below ~850 ºC). As expected, the rate of oxygen permeation 

decreases with the extent of Nb-substitution. The oxygen permeation flux of 

10 mol% Nb-substituted BSCF in the range 800-900 ºC decreases only 10% 

relative to that observed for pure BSCF, rendering Nb-substituted BSCF as an 

attractive alternative for use as an oxygen separation membrane. The linear 

thermal expansion coefficient (TEC) in the range 500-1050 ºC gradually de-

creases from 19 × 10-6 ºC-1 for BSCF to 16 × 10-6 ºC-1 for 20 mol% Nb-

substituted BSCF. In the low-temperature range 200-500 ºC, the TECs vary 

between 9 × 10-6 and 11 × 10-6 ºC-1. Nb-substitution, however, leads to un-

desirable lowering of the electrical conductivity, which may restrict use of the 

substituted oxides as cathodes in SOFCs. Furthermore, though Nb-substitution 
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of BSCF stabilizes the cubic perovskite phase, it does not improve its 

CO2 tolerance. Switching from helium to a CO2-containing purge gas results 

in a severe reduction or cessation of the oxygen flux, as is observed for parent 

BSCF. Options are discussed to avoid undesired formation of surface car-

bonates, blocking the oxygen fluxes. 
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4   

Chapter 4 

In-situ neutron diffraction study of  

zirconium- and niobium-substituted 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ 


  

Abstract 

Neutron powder diffraction measurements have been performed on the perov-

skite-type oxide Ba0.5Sr0.5Co0.8Fe0.2O3-δ, substituted with either Zr or Nb for 

(Co,Fe). Rietveld analyses of the diffraction patterns recorded in the tempera-

ture range 27-900 ºC shows that the phase obtained upon substitution of 3 mol% 

Zr (BSCFZ3) like parent BSCF is cubic with space group Pm 3 m, while sub-

stitution of 10 mol% Nb (BSCFN10) yields an orthorhombic structure, with 

space group Pnma. The latter originates from the tilting of BO6 octahedra in 

the perovskite structure. The thermal expansion coefficients in the range 600-

900 ºC are 25.3 (1) × 10
-6

 
o
C

-1 
and 15.9 (1) × 10

-6
 

o
C

-1 
for BSCFZ3 and 

BSCFN10, respectively.  

  

                                                      
This chapter will be submitted to Mater. Res. Bull.. 
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4.1 Introduction 

 Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) has potential for use as oxygen transport 

membrane [1], cathode for solid oxide fuel cells [2], and as a catalyst for lithi-

um air batteries [3]. BSCF exhibits fast oxygen ionic conductivity due to its 

high oxygen deficiency (δ = 0.66 at 600 ºC and pO2 = 1 atm, and δ = 0.81 at 

900 ºC and pO2 = 10
-3

 atm) [4]. Superior surface exchange (k
*
) and tracer dif-

fusion (D
*
) coefficients have been confirmed by 

18
O-

16
O isotope exchange and 

electrochemical impedance spectroscopy measurements [5-7]. However, 

BSCF undergoes a structural phase transition to hexagonal polymorphs during 

long-term operation below 825 ºC [8-10]. Recently, we have demonstrated that 

a small co-doping of zirconium [11] or niobium [12] on the B-site can sup-

press the phase transition. In response to these findings, we have examined the 

crystal structure of 3 mol% zirconium-substituted BSCF and 10 mol% niobi-

um-substituted BSCF using in-situ neutron diffraction data between 27 and 

900 ºC.  

4.2 Experimental 

 Ba0.5Sr0.5Co0.776Fe0.194Zr0.03O3-δ (BSCFZ3) powder was prepared by spray 

pyrolysis, and subsequently calcined, at 950 ºC, for 10 h in air. 

Ba0.5Sr0.5Co0.72Fe0.18Nb0.1O3-δ (BSCFN10) was prepared by a solid state reac-

tion as described previously [12]. Prior to the neutron diffraction measure-

ments, both compositions were examined by conventional X-ray powder dif-

fraction (Bruker D2 PHASER) to confirm their phase purity.  

 Neutron diffraction measurements were carried out at the high-resolution 

HRPT diffractometer at SINQ neutron spallation source (Paul Scherrer Insti-

tute, Switzerland) [13]. The high-intensity mode of HRPT was used with neu-

tron wavelength λ = 1.49 Å. All samples were investigated, at 27 ºC, using a 

vanadium container. For in-situ high temperature measurements, about 5 g of 
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the powder was loaded in a steel sample holder. The holder was placed in a 

vacuum furnace with the sample exposed to the incident neutron beam. Meas-

urements were conducted under flowing air. Prior to the high temperature 

measurements, diffraction patterns were collected at 27 ºC. Subsequently, the 

sample was heated to 900 ºC, and the temperature decreased stepwise from 

900 ºC to 600 ºC with 100 ºC intervals, using heating/cooling rates of 10 ºC 

min
-1

. The sample was equilibrated at each temperature. Equilibration was 

considered to be complete when no shift occurred in the position of the diffrac-

tion peaks. Each pattern was recorded three times. The total measurement time, 

including equilibration, lasted about three hours at each temperature. Diffrac-

tion patterns were collected in the range of 10
◦
 ≤ 2  ≤ 150

◦
 with a step size of 

0.05
◦
 (2  range). 

The neutron diffraction data were analyzed by Rietveld refinements 

using the FullProf program [14]. The shape of the diffraction peaks was gener-

ated by a Thompson-Cox-Hastings pseudo-Voigt function. Manual back-

ground correction was used in all refinements. The occupancy of the cation 

sites was fixed according to the stoichiometric composition, whereas the iso-

tropic atomic displacement parameters of cations on the same site were con-

strained to be the same. The oxygen occupancy was refined to evaluate the 

oxygen nonstoichiometry. In the final run, the following parameters were re-

fined: zero shift, peak width/shape/asymmetry, scale factor, and crystal struc-

ture parameters (lattice parameters, atomic positions, isotropic atomic dis-

placement parameters, and occupancy factors for oxygen). 

4.3 Results and discussion 

 Fig. 4.1 shows the observed, calculated, and difference profiles from re-

finement of the neutron diffraction data of BSCFZ3 collected at 27 ºC. Fig. 4.2 

shows the corresponding profiles for BSCFN10, which were fitted both in 
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space groups Pm 3 m and Pnma. A G-type antiferromagnetic structure of 

BSCF was reported by McIntosh et al. [4]. In the present study, the magnetic 

peaks were excluded in the refinement of the diffraction patterns at 27 ºC. Fig. 

4.3 shows the evolution of the neutron diffraction patterns for the two materi-

als in the temperature range 27-900 ºC. Representative structural parameters, 

residual indices and bond lengths obtained from refinements of the diffraction 

patterns obtained for both materials at 27 ºC and 900 ºC are listed in Tables 

4.1-4.3.  

 Pure BSCF has been described as a cubic perovskite structure with space 

group Pm 3 m [4]. Likewise the neutron diffraction pattern for BSCFZ3 was 

well fitted with space group Pm 3 m. As expected in view of the low Zr-

substitution, the refined lattice parameter of 3.9898 (1) Å at 27 ºC and 4.0542 

(1) Å at 900 ºC are in close agreement with published values for pure BSCF 

[4]. This is further exemplified below where we discuss the thermal evolution 

of the lattice parameter, cell volume and oxygen nonstoichiometry for the two 

materials under investigation. 

 BSCFN10 is found to exhibit orthorhombic symmetry. As illustrated in 

Fig. 4.2 (b) excellent fits are obtained in space group Pnma. Poor results were 

obtained when the corresponding patterns were fitted on the basis of a simple 

cubic structure in space group Pm 3 m, as illustrated for the pattern collected at 

27 ºC in Fig. 4.2 (a). ABO3 perovskite oxides often possess pseudo-cubic 

symmetry which originates from tilting of the BO6 octahedra. For space group 

Pnma, the tilting behavior is described as a b a  
 according to Glazer’s nota-

tion [15]. Barium and strontium are statistically distributed over the 4c sites (x, 

0.25, z) of space group Pnma. Cobalt, iron, and niobium are statistically dis-

tributed over the 4a sites (0.5, 0, 0). Due to tilting of the BO6 octahedra, there 

are two types of oxygen atoms: O1 is at the 4c site (x, 0.25, z) and O2 at the 
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general 8d site (x, y, z). As a consequence, the oxygen coordination of A-site 

cations barium and strontium is significantly distorted with and average A-O 

bond lengths in the range of 2.8-3 Å, as shown in Table 4.3. 

 

Figure 4.1 Neutron powder diffraction pattern for BSCFZ3 at 27 
o
C. The observed 

data are presented by circles, and the solid lines is the result from Rietveld refine-

ments in space group Pm 3 m. Also shown is the difference profile (lower line). 

Tick markers indicate the Bragg positions.  

 



Chapter 4 

 64 

 

Figure 4.2 Neutron powder diffraction pattern for BSCFN10 at 27 
o
C. The ob-

served data are presented by circles, and the solid line is the result from Rietveld 

refinements in space group (a) Pm 3 m and (b) Pnma. Also shown are the difference 

profiles (lower lines). Tick markers indicate the Bragg positions. The inserts high-

light portions of the diffraction patterns to better show the quality of the fit.  
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Table 4.1 Structural parameters from Rietveld refinements of neutron powder diffrac-

tion data, collected at 27 ºC, for (a) BSCFZ3 and (b) BSCFN10. 

 
(a) Ba0.5Sr0.5Co0.776Fe0.194Zr0.03O3-δ (BSCFZ3) - Space group : Pm 3 m, Z = 1 

a = 3.9898 (1) Å, Rp= 4.72 %, Rwp= 5.99 %, Rexp = 3.17 %, χ
2 
= 3.58 

 

 site occupancy x y z Uiso (100*Å
2
) 

(Ba,Sr) 1b 1 0.5 0.5 0.5 1.99 (3) 

(Co,Fe,Zr) 1a 1 0 0 0 1.69 (4) 

O 3c 0.804 (4) 0.5 0 0 2.55 (3) 

 

 

(b) Ba0.5Sr0.5Co0.72Fe0.18Nb0.1O3-δ (BSCFN10) - Space group : Pnma, Z = 4 

a = 5.6653 (3) Å, b = 7.9628 (3) Å, c = 5.6447 (3) Å
 

Rp= 4.75 %, Rwp= 6.08 %, Rexp = 3.40 %, χ
2 
= 3.19 

 

 site occupancy x y z Uiso (100*Å
2
) 

(Ba,Sr) 4c 1 -0.009 (2) 0.25 0.000 (2) 1.66 (5) 

(Co,Fe,Nb) 4a 1 0.5 0 0 1.28 (5) 

O1 4c 0.638 (1) 0.009 (2) 0.25 0.509 (2) 1.23 (9) 

O2 8d 0.916 (2) 0.759 (5) -0.004 (3) 0.241 (3) 3.6 (1) 
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Table 4.2 Structural parameters from Rietveld refinements of neutron powder diffrac-

tion data, collected at 900 ºC, for (a) BSCFZ3 and (b) BSCFN10. 

 

(a) Ba0.5Sr0.5Co0.776Fe0.194Zr0.03O3-δ (BSCFZ3) - Space group : Pm 3 m, Z = 1 

a = 4.0542 (1) Å, Rp= 3.89 %, Rwp= 4.95 %, Rexp = 2.50 %, χ
2 
= 3.94 

 

 site occupancy x y z Uiso (100*Å
2
) 

(Ba,Sr) 1b 1 0.5 0.5 0.5 3.42 (11) 

(Co,Fe,Zr) 1a 1 0 0 0 3.84 (14) 

O 3c 0.765 (7) 0.5 0 0 5.33 (10) 

 

 

(b) Ba0.5Sr0.5Co0.72Fe0.18Nb0.1O3-δ (BSCFN10) - Space group : Pnma, Z = 4 

a = 5.7477 (1) Å, b = 8.1293 (1) Å, c = 5.7062 (1) Å
 

Rp= 3.58 %, Rwp= 4.60 %, Rexp = 2.57 %, χ
2 
= 3.19 

 

 site occupancy x y z Uiso (100*Å
2
) 

(Ba,Sr) 4c 1 0.019 (1) 0.25 0.021 (1) 2.08 (12) 

(Co,Fe,Nb) 4a 1 0.5 0 0 4.40 (19) 

O1 4c 0.475 (15) -0.003 (7) 0.25 0.506 (3) 1.8 (4) 

O2 8d 0.940 (14) 0.742 (6) -0.004 (4) 0.265 (4) 7.5 (3) 
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Table 4.3 Representative atomic distances and angles for BSCFZ3 and BSCFN10 at 

27 ºC and 900 ºC. 

 

Distance/angle 27 
o
C  900 

o
C 

BSCFZ3 

(Ba,Sr)-O   12 (Å) 

(Co,Fe,Zr)-O   6 (Å) 

(Co,Fe,Zr)-O-(Co,Fe,Zr) (
◦
) 

 

BSCFN10 

(Ba,Sr)-O1   1 (Å) 

(Ba,Sr)-O1   1 (Å) 

(Ba,Sr)-O1   1 (Å) 

(Ba,Sr)-O1   1 (Å) 

(Ba,Sr)-O2   2 (Å) 

(Ba,Sr)-O2   2 (Å) 

(Ba,Sr)-O2   2 (Å) 

(Ba,Sr)-O2   2 (Å) 

(Co,Fe,Nb)-O1   2 (Å) 

(Co,Fe,Nb)-O2   2 (Å) 

(Co,Fe,Nb)-O2   2 (Å) 

(Co,Fe,Nb)-O1-(Co,Fe,Nb) (
◦
) 

(Co,Fe,Nb)-O2-(Co,Fe,Nb) (
◦
) 

 

2.8212 (1) 

1.9949 (1) 

180 

 

 

2.773 (16) 

2.875 (16) 

2.833 (16) 

2.833 (16) 

2.770 (20) 

2.770 (20) 

2.870 (20) 

2.880 (30) 

1.9920 (4) 

2.000 (20) 

2.000 (20) 

175.86 (2) 

175.5 (9) 

 

2.8668 (1) 

2.0271 (1) 

180 

 

 

2.771 (19) 

2.780 (40) 

2.942 (19) 

2.970 (40) 

2.670 (30) 

2.920 (30) 

2.940 (30) 

2.960 (30) 

2.0327 (4) 

2.000 (30) 

2.050 (30) 

177.84 (2) 

174.4 (12) 
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Figure 4.3 Neutron diffraction patterns of (a) BSCFZ3 and (b) BSCFN10 recorded 

in the temperature range 27-900 ºC. Steel sample holder peaks are marked with 

character s. Magnetic peaks are marked with an asterisk.  

  

 The temperature dependences of the cubic or pseudo-cubic lattice parame-

ter and cell volume from Rietveld analysis of the diffraction patterns for the 

two materials under investigation are shown in Fig. 4.4. Also included are data 

for pure BSCF reported by McIntosh et al. [4]. At elevated temperature, the 

loss of oxygen and associated reduction of the number of B-site cations cobalt 
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and iron, referred to as chemical expansion [16], contributes to the total ther-

mal expansion. The calculated thermal expansion coefficients for BSCFZ3 and 

BSCFN10 are 25.3 (1) × 10
-6

 
o
C

-1
 and 15.9 (1) × 10

-6
 
o
C

-1
, respectively, using 

600 
o
C as a reference temperature. These may be compared with the value of 

24 (1) × 10
-6

 
o
C

-1
, evaluated previously for BSCF from data of neutron powder 

diffraction [4]. For BSCFZ3, the thermal expansion coefficient compares fa-

vorably with that of BSCF, as expected. Relative to BSCF, the thermal expan-

sion coefficient of BSCFN10 has decreased by ~30%, which may, at least part-

ly, be accounted for by the non-redox behavior of the niobium dopant. Finally, 

it is noted that the thermal expansion coefficient evaluated for BSCFN10 is in 

excellent agreement with that measured previously by conventional dilatome-

try [12]. 

 Fig. 4.5 shows the temperature dependence of the oxygen stoichiometry 

from Rietveld analysis of the neutron diffraction patterns of BSCFZ3 and 

BSCFN10 in the range 600-900 
o
C, which data were calculated from the re-

fined oxygen site occupancies. Corresponding data for BSCF published by 

McIntosh et al. [4] is included for comparison. The slightly higher oxygen 

contents observed for both substituted phases, relative to parent BSCF, is more 

or less expected in view of the non-redox behavior and the high valences of 

the dopant cations Zr
4+

 and Nb
5+

. The corresponding temperature dependences 

are not very pronounced, although, admittedly, the behavior is somewhat diffi-

cult to judge for both phases due to the limited number of scattered data points. 

The total variation of the oxygen stoichiometry of BSCFZ3 in the investigated 

temperature range is only (3-) ≈ 0.05. For BSCFN10 this change is slightly 

larger, but the trend (i.e., increase of oxygen stoichiometry with increasing 

temperature) is somewhat unexpected. As discussed by Satto et al. [17], it 

cannot be excluded that there is a certain correlation between the site occupan-

cy and the atomic displacement parameter. Additional measurements are re-



Chapter 4 

 70 

quired to elucidate the probably subtle variations of the oxygen stoichiometry 

of BSCFZ3 and BSCFN10 with temperature. 

 

Figure 4.4 Temperature dependence of the (a) cubic or pseudo-cubic lattice param-

eter, and (b) normalized cell volume (Z=1) for BSCFZ3 and BSCFN10 obtained 

from the neutron diffraction measurements. Included for comparison are data for 

BSCF from literature. 
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Figure 4.5 Temperature dependence of the oxygen stoichiometry of BSCFZ3 and 

BSCFN10 obtained from the neutron diffraction measurements. Included for com-

parison are data for BSCF from literature.  

 

4.4 Conclusions 

 The crystal structures of BSCFZ3 and BSCFN10 have been investigated 

by neutron powder diffraction from 300 to 1173 K. Rietveld analysis of the 

diffraction patterns shows that BSCFZ3 adopts a cubic perovskite structure 

with space group Pm 3 m, like parent BSCF, while BSCFN10 adopts an ortho-

rhombic perovskite structure with space group Pnma. The thermal expansion 

coefficients in the range of 600 to 900 
o
C are 25.3 (1) × 10

-6
 
o
C

-1 
and 15.9 (1) × 

10
-6

 
o
C

-1
, respectively. 
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Chapter 5 

Oxygen surface exchange kinetics of  

erbia-stabilized bismuth oxide  

Equation Chapter 1 Section 5
 

Abstract 

The surface oxygen exchange kinetics of bismuth oxide stabilized with 25 mol% 

erbia (BE25) has been studied in the temperature and oxygen partial pressure 

(pO2) ranges 500-750 ºC and 0.1-0.95 atm, respectively, using pulse-response 

18
O-

16
O isotope exchange measurements. The results indicate that BE25 exhib-

its a comparatively high exchange rate, which is rate determined by the disso-

ciative adsorption of oxygen. Defect chemical considerations and the observed 

1/2

2Op  dependence of the rate of dissociative oxygen adsorption suggest elec-

tron transfer to intermediate superoxide ions as the rate determining step in 

surface oxygen exchange on BE25.  

  

                                                      
This chapter has been published in J. Solid State Electrochem. 15 (2011) 231. 
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5.1 Introduction 

 Stabilized phases of δ-Bi2O3 exhibit high oxide ion conductivity, which is 

related to a high polarizability of the bismuth ion and a high concentration of 

oxygen vacancies. In the parent cubic fluorite structure of δ-Bi2O3, 25% of the 

sites in the oxygen sublattice are vacant. Pure Bi2O3, however, transforms from 

the δ-phase to the monoclinic α-phase upon cooling below ~730 ºC [1], show-

ing a discontinuity in the ionic conductivity. The high temperature δ-Bi2O3 

phase can be stabilized to room temperature by the addition of rare earth ox-

ides [2-6]. Erbia-stabilized bismuth oxide, (Bi2O3)0.75-(Er2O3)0.25, referred to as 

BE25, shows an ionic conductivity more than two orders of magnitude higher 

than that of conventional yttria-stabilized zirconia (YSZ), and has been inves-

tigated for its possible use as electrolyte for the low-temperature solid oxide 

fuel cell [5, 6].  

 Stabilization of δ-Bi2O3 with isovalent Er2O3 preserves its high vacancy 

concentration albeit that, in general, a higher Er2O3 concentration results in a 

lower conductivity. At low Er2O3 concentrations and when operating at tem-

peratures in the range 600-700 ºC, the ionic conductivity is found to slowly 

decay with time due to transformation of the cubic phase into a rhombohedral 

phase. Kruidhof et al. [7] claimed that, when operating at 700 ºC, a dopant 

concentration of at least 27.5% Er2O3 is necessary to prevent phase separation. 

Jiang et al. [8] showed that even at a concentration of 40% Er2O3 the conduc-

tivity of phase-stabilized δ-Bi2O3 is subject to aging due to gradual ordering of 

the anion sublattice when operating below 600 ºC. In addition to phase and 

structural instability, the potential application of bismuth-containing electro-

lytes in solid oxide fuel cells (SOFCs) is regarded to be limited. The poor re-

dox stability of the bismuth ion easily leads to decomposition (to metallic bis-

muth) of the bismuth-containing electrolyte under the low oxygen partial pres-

sures at the anode (fuel) side.  
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 Compared with YSZ [9] and gadolinia-doped ceria [10], BE25 shows a 

remarkably high oxygen surface exchange rate. Current-voltage and imped-

ance measurements of the properties of porous sputtered platinum and gold 

electrodes on BE25 show that the type of electrode material has little effect on 

the exchange current density, suggesting that for BE25 the entire electrolyte 

surface is active in the oxygen transfer reaction [11]. Reasonable agreement is 

found between the exchange current density from current-voltage measure-

ments and the corresponding value calculated from data of 
18

O-
16

O isotopic 

exchange measurements. The very high oxide ion diffusivity in BE25 relative 

to the rate of surface exchange is found to create rather flat diffusion profiles 

in tracer diffusion experiments. For BE25, a critical thickness of 1.7 cm at 500 

ºC and 1 atm was deduced by Steele et al. [12] and of 10.3 cm at 650 ºC at 

0.2 atm by Capoen et al. [13] from data of 
18

O-
16

O isotopic exchange depth-

profiling (IEDP) using secondary ion mass spectrometry (SIMS) analysis. The 

critical thickness, Lc, reflects the length scale below which the surface ex-

change is rate limiting, and in tracer diffusion experiments is given by Lc = 

D
*
/ks, where D

*
 is the tracer-diffusion coefficient and ks the surface exchange 

coefficient [14]. The critical thickness at which oxygen diffusion and surface 

exchange determines equally the rate of oxygen permeation through BE25 was 

estimated by Bouwmeester et al. [15] to be 0.16 mm at 650 ºC and 0.09 mm at 

910 ºC. Note that the critical thickness deduced from oxygen permeation data 

is two to three orders magnitude lower than that from the tracer diffusion ex-

periments. While in tracer experiments, D
*
 governs the diffusion behavior, it is 

the ambipolar conductivity which controls the rate of oxygen permeation. The 

ambipolar conductivity in the solid electrolyte BE25 in usual ranges of oxygen 

partial pressure and temperature is determined by the partial p-type electronic 

conductivity, following a 1/4

2Op
 
power law dependence.  
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 In this study, the surface exchange kinetics of BE25 is re-investigated us-

ing the pulse-response 
18

O-
16

O isotope exchange (PIE) technique. The method 

recently developed in our laboratory is based upon isotope analysis of an 
18

O-

enriched gas phase pulse after passage of a continuous-flow packed-bed mi-

croreactor loaded with the oxide powder [16]. The measurements are carried 

out under isothermal and iso-pO2 conditions. Since the method relies on gas 

phase analysis of the fractions of oxygen isotopomers with masses 36, 34, and 

32 (
18

O2, 
16

O
18

O, and 
16

O2, respectively) also mechanistic information on the 

exchange reaction can be extracted from experiment contrary to, for example, 

data obtained by means of the IEDP-SIMS method.  

5.2 Experimental 

 BE25 powder prepared by a conventional solid state reaction was provid-

ed by the Fraunhofer-Institut für Keramische Technologien und Systeme, 

IKTS (Institutsteil Hermsdorf). The as-received powder was uniaxially pressed 

at 30 MPa into a disk, followed by cold isostatic pressing at 400 MPa. The 

disk was sintered at 850 ºC for 10 h in air, and crushed into a coarse powder. 

The fraction passing a 125 μm stainless steel sieve was pre-annealed at 800 ºC 

for 10 h in air, and sieved again to remove formed agglomerates. Prior to 

pulse-response isotope exchange measurements, the powders were character-

ized by X-ray diffraction (PANanalitical PW1830), BET surface area (Mi-

cromeritics ASAP 2020 M), and particle size (Malvern Mastersizer 2000) 

measurements.  

 The pulse-response isotope exchange measurements were performed in 

the temperature and pO2 ranges 500-750 ºC and 0.1-0.95 atm, respectively, 

using a continuous flow packed-bed micro-reactor. During the measurement, 

approximately 0.08 g of BE25 powder was loaded between two quartz wool 

plugs in the center of a quartz tubular microreactor with inner diameter 2 mm. 
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The length of the packed-bed was typically 13 mm. A 
16

O2 with Ar was used 

as carrier gas fed through the reactor with a total flow rate 50 ml min
-1

 (NTP). 

The response to 
18

O2/N2 pulse with the same pO2 as the carrier gas, passing 

through the reactor was analyzed by on-line mass spectrometry (Omni Star 

TM GSD 301 Pfeiffer-Vacuum) at the exit of the reactor as illustrated in 

Fig. 5.1.  

 

Figure 5.1 Schematic representation of the pulse-response isotope exchange tech-

nique. 

 

A six-port valve with 500 μl sample loop was used for injection of the 
18

O2/N2 

pulse into the 
16

O2/Ar carrier gas flow stream. Oxygen isotope gas was pur-

chased from Cambridge Isotope Laboratory (> 97 atom% 
18

O2). Nitrogen used 

as diluent for the 
18

O2 gas was also used for internal calibration of the mass 

spectrometer. The mean residence time of the reactor varied between 10 and 

35 ms, being a function of flow rate and temperature. Prior to measurements, 

the BE25 powder packed-bed was pre-treated at 800 ºC for 0.5 h under flow-

ing synthetic air in order to remove possibly adsorbed water and CO2, and sub-

sequently cooled to room temperature at a rate of 5 ºC min
-1

. The pulse isotop-

ic exchange measurements were conducted in the pO2 range 0.1-0.95 atm from 

room temperature onwards up to 750 ºC. The reactor was equilibrated 0.5 h at 

fixed temperature and pO2 before and after data collection. Blank experiments 

revealed no exchange activity of the quartz microreactor.  
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 The packed-bed microreactor was designed to approximate ideal plug 

flow behavior [14]. The isotopic exchange measurements were performed un-

der conditions of negligible uptake of 
18

O by the BE25 powder relative to the 

number of 
16

O oxygen present in the oxide. The overall surface exchange rate, 

0 (mol O m
-2 

s
-1

), was calculated from 

 

18

g,i

0 18

r g,e

ln
τ

fn

S f

 
   

 
 

 (5.1) 

where 18

g,if  and 18

g,ef  are the 
18

O isotope fractions in the pulse at the inlet and 

exit of the reactor, respectively, n is the total number of oxygen atoms in the 

free volume of the oxide packed bed, S the total surface area of the oxide pow-

der, and rτ  the average residence time of the labeled gas in the reactor. 18

gf

was calculated from the measured pulse integral values of the isotope fractions 

with mass 36 and 34: (
18 340.5 36

g g gf f f  ) at the exit of the reactor. Average 

values of three pulse experiments at a given temperature and pO2 were taken 

for evaluation of the surface exchange rate. 

5.3 Results and discussion 

 The XRD powder diffractogram (Fig. 5.2 (a)) confirms the presence of a 

single cubic phase with a lattice parameter of a = 5.4736 (6) Å, which is in 

agreement with data reported in literature [17]. No evidence for the formation 

of second phases is found. The particle size distribution of the crushed BE25 

ceramics as measured by laser light scattering is shown in Fig. 5.2 (b). The 

estimated average particle size, d50 = 0.4 μm, is much smaller than the critical 

thickness (see section 5.1), ensuring that the overall oxygen isotope equilibra-

tion is governed by the surface exchange kinetics rather than by bulk diffusion. 

The associated surface area calculated by the BET method using N2 (-196 ºC) 
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gas adsorption data amounts to 0.2407 (5) m
2 

g
-1

. The low value reflects the 

dense nature of the used BE25 powder, and is due to sintering prior to crushing 

the ceramic disk into a powder. The sintering step is made to avoid diffusion 

limitations in narrow pores during oxygen isotope equilibration. 

 

Figure 5.2 (a) XRD pattern and (b) particle size distribution of BE25 powder used 

for the PIE experiments. 

 

 Fig. 5.3 shows the fractions of oxygen isotopomers in the gas phase vol-

ume associated with the pulse at the exit of the reactor as measured at different 

temperatures. It is seen that under the conditions maintained during the exper-

iments, the exchange reaction starts around 500 ºC. Above this temperature, 

the 
18

O2 fraction decreases profoundly with increase of temperature, i.e., more 

18
O is taken up by the sample, which is exchanged for 

16
O as evidenced by the 

simultaneous increase of the 
16

O2 fraction. The 
18

O
16

O fraction remains com-

paratively low at all temperatures. The latter provides evidence that oxygen 

surface exchange on BE25 is limited by the dissociative adsorption of oxygen, 

as is further discussed below. The highest temperature of measurement (750 ºC) 
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was chosen 50 ºC lower than the temperature of the pre-annealing in order to 

prevent microstructural changes to the powder.  

 

Figure 5.3 Oxygen isotope fractions (
18

O2, 
18

O
16

O, and 
16

O2) as a function of tem-

perature from PIE measurements at a nominal pressure of 0.21 atm. The drawn line 

is form model calculations, assuming constant activation energies for dissociative 

adsorption and incorporation over the entire temperature range. Error bars (for the 

95% confidence interval of the mean) are smaller than the size of the symbols. 

 

 The temperature dependence of the surface exchange rate, 0, calculated 

using Eq. (5.1) is well described by an Arrhenius equation, as shown in Fig. 

5.4. Also shown in this figure are results from previous studies [11-13, 18], 

showing good agreement with those from the present study. The calculated 

activation energy of 111 (3) kJ mol
-1

 is in reasonable agreement with 130 (5) 

kJ mol
-1

 calculated from data obtained by monitoring the time-dependent 
18

O-

16
O isotopic equilibration on a polished BE25 dense ceramic disk in a closed 

volume [11, 18].  
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Figure 5.4 Overall surface oxygen exchange rate for BE25 as a function of inverse 

temperature at a nominal pressure of 0.21 atm. Also shown are data from prior 

studies on BE25, obtained using time-dependent 
18

O-
16

O gas phase equilibration 

(Boukamp et al. [11, 18]) and 
18

O-
16

O isotope exchange followed by depth profil-

ing (Steele et al. [12] and Capoen et al. [13]) methods. Error bars represent the 95% 

confidence interval of the mean; when not shown, these are smaller than the symbol 

size.  

 

The surface exchange rates extracted from data of the depth-profiling studies 

displayed in Fig. 5.4 were recalculated using 0 = kscO, where ks (cms
-1

) is the 

surface exchange coefficient and cO the concentration of oxygen ions in the 

oxide. It should be mentioned that it cannot be excluded that different prepara-

tion routes and pre-annealing temperatures, and departures from the targeted 

composition and/or contaminations may influence the magnitude of the surface 

exchange rate.  
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Figure 5.5 Oxygen partial pressure dependence of the overall exchange rate on 

BE25 at different temperatures using PIE (filled symbol). Lines with slope 1/2 are 

given to guide the eye. Error bars represent the 95% confidence interval of the 

mean; when not shown, these are smaller than the symbol size. The data from time-

dependent 
18

O-
16

O gas phase equilibration on BE25 dense ceramic at 700 ºC re-

ported by Boukamp et al. [18] (empty square symbol) is also included. 

 

Fig. 5.5 shows the pO2 dependence of the overall surface exchange rate at dif-

ferent temperatures. At all four different temperatures, 0 is found approxi-

mately proportional to (pO2)
 n 

with n = 0.5, in nice agreement with results pub-

lished previously [18].  

 The above results demonstrate the usefulness of PIE as a technique for 

acquisition of the oxygen surface exchange rate of fast oxygen-ionic conduct-

ing solids. The 
18

O-containing gas phase pulse passes through a ‘sea of 
16

O’ 

captured by the oxide powder bed, ensuring in this way that 
16

O is returned to 

the gas phase upon every act of exchange. Measurements of the surface ex-

change rate are enabled as long as the effective time constant associated with 
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isotopic exchange is of similar order as the time scale of the experiment, i.e., 

the residence time of the packed-bed reactor. These are determined by oxide 

characteristics, such as the powder surface area, and by design and operating 

conditions, such as the length of the packed-bed reactor, gas flow rate, and 

temperature, as can be inferred from Eq. (5.1). The design of the packed bed 

reactor to approximate plug flow conditions ensures that the distribution of 

residence times is small, and its average value simply can be calculated from 

the void volume of the reactor bed and the volumetric flow rate.  

 An advantage of methods based upon gas phase analysis to monitor 
18

O-

16
O isotope equilibration between the gas phase and the oxide over that of 

depth profiling methods is that kinetic information can be extracted from the 

mass isotopomer distribution resulting from isotopic scrambling. The isotopic 

exchange reaction can be modeled as a sequence of two steps, dissociative ad-

sorption occurring with a rate a, and subsequent incorporation of oxygen in 

the oxide lattice with a rate i,  

 

2

a

ad

a

i

ad lattice

i

O 2O

O O

* *

*









 (5.2) 

and includes oxygen adatoms Oad on the oxide surface as reaction intermedi-

ates. The 
18

O isotope fraction at the oxide surface is balanced by the reversible 

rates a 
and i in conjunction with the isotopic compositions of the gas phase 

and oxide. The validity of the two-step scheme for modeling isotopic exchange 

relies on the assumption that isotopic scrambling can only occur after dissocia-

tive adsorption of oxygen on the oxide surface, excluding for example, the 
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possibility that exchange may occur via a three-atom intermediate. In a quasi 

steady-state approximation for the isotopic exchange reaction, it follows 

 
0 a i

1 1 1
 

  
. (5.3) 

 The overall exchange process can be conceptually viewed as a series of 

resistances. Expressions for the corresponding molar gas phase fractions of 

18
O2, 

16
O

18
O, and 

16
O2 after exchange for a given time within the framework of 

the two-step scheme are presented elsewhere [16, 18]. Finally, it should be 

noted that the surface exchange reaction may involve a series of steps with 

several possible intermediates, e.g., O2, 
2

2O  , and O
−
. Both steps in the given 

two-step scheme still may represent a lumped reaction sequence with, for ex-

ample, charge transfer and surface diffusion of atoms or ions as possible rate 

determining steps. 

 Fig. 5.6 (a)-(d) show the pO2 dependences of a 
and i for BE25 at dif-

ferent temperatures. The results indicate that the surface exchange reaction on 

BE25 is mainly limited by the rate of oxygen dissociative adsorption
 
a. This 

result can be deduced intuitively from the very small molar 
18

O
16

O fraction 

observed during isotopic exchange, as illustrated in Fig. 5.3. At all tempera-

tures, a appears proportional to 1/2

2Op , in obvious correspondence with the 

pO2 dependence of 0, and found one to two orders of magnitude lower than 

i.  

 The dissociative adsorption of oxygen on the surface can be represented 

by the successive reaction steps   

 2 2, ad 2,ad 2O + e 2O K = [O ]/[e ]pO     (5.4) 

 2,ad adO + e 2O   (5.5) 
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Figure 5.6 The oxygen partial pressure dependence of the rates of dissociative ad-

sorption (a, filled square) and oxygen incorporation (i, filled circle) at different 

temperatures. Trendlines with slopes 1/2 and 1/4 are given to guide the eye. Error 

bars represent the 95% confidence interval of the mean; when not shown, these are 

smaller than the symbol size. 

 

where K is the mass action constant of reaction (5.4). The observed 1/2

2Op
 

dependence of a can be explained by assuming that electron transfer to in-
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termediate superoxide ions, 
2O , according to reaction (5.5), is the rate deter-

mining step in oxygen dissociative adsorption. Noting that the isotopic ex-

change experiment is carried out under conditions of equilibrium, 

a a a   , where 2,ad[O ][e ]a k     and 2

ad[O ]a k    are the balanced 

forward and backward reaction rates, respectively, and k  and k  the corre-

sponding rate constants. In deriving these kinetic equations, a low surface cov-

erage of adsorbed oxygen species is assumed. To infer the pO2 dependence of 

a, those of the concentrations entering these kinetic equations must be de-

rived from preceding or succeeding equilibria. Under the experimental condi-

tions, the bulk concentration of oxygen vacancies in BE25 is invariant with 

pO2. From defect chemical considerations, it follows that for BE25 the concen-

tration of electrons varies according to 1/4

2[e ] Op  . Substitution in the ex-

pression for a  (
2

2,ad 2[O ][e ]= [e ] Ok Kk p   ) shows that in accord with the 

experimental observations a is predicted to follow a 1/2

2Op
 
dependence. Re-

action (5.5) may proceed via formation of a transient peroxide intermediate, 

2

2O  , which is known to be very unstable, before actual splitting of the ad-

sorbed oxygen molecule into oxygen adatoms adO .  

 As seen from Fig. 5.6 (a)-(d), the rate of oxygen incorporation i  shows 

a weak dependence on pO2. The trend lines in these figures with a slope of 1/4 

should be considered with care given the large scatter in the obtained values of 

i. i may either refer to a successive reaction step or to diffusion of adO

 
or 

electron holes to the reaction site. More research is, however, needed for clari-

fication.  

 Finally, Fig. 5.7 shows a graphical collection of data obtained for the sur-

face oxygen exchange rate observed on various oxides using different tech-
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niques. It is seen that BE25 shows a comparatively high surface exchange rate, 

much higher than well-known solid electrolytes YSZ and gadolinia-doped ce-

ria, and even higher than La2NiO4, which has been proposed as a cathode ma-

terial for intermediate-temperature SOFCs [19, 20]. 

 

Figure 5.7 Surface oxygen exchange rates for different oxides as a function of in-

verse temperature. SrTiO3 [21], 8 mol% yttria-stabilized zirconia (YSZ) [16], BE25 

(this study), Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) [16], 10 mol% gadolinia-doped CeO2 

(GDC) [22], La2NiO4 [19], La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) [23], La0.8Sr0.2CoO3-δ 

(LSC20) [24], and GdBaCo2O5 [25]. 
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5.4 Conclusions 

 The results obtained from this study indicate that in the temperature and 

pO2 ranges investigated BE25 exhibits a comparatively high exchange rate, 

which is rate determined by the dissociative adsorption of oxygen. Electron 

transfer to intermediate superoxide ions is proposed as the rate determining 

step. The results further demonstrate the usefulness of pulse-based measure-

ments of 
18

O-
16

O isotope exchange, which method employs a continuous flow 

packed bed microreactor, for kinetic and mechanistic studies of surface oxygen 

exchange of fast ionic conducting solids. 
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6   

Chapter 6 

Oxygen surface exchange kinetics of 

SrTi1-xFexO3-δ mixed conducting oxides 


 

Abstract 

The oxygen surface exchange kinetics of mixed conducting perovskite oxides 

SrTi1-xFexO3-δ (x = 0, 0.01, 0.05, 0.35, 0.5) has been investigated as a function 

of temperature and oxygen partial pressure using the pulse-response 
18

O-
16

O 

isotope exchange (PIE) technique. Arrhenius activation energies range from 

140 kJ mol
-1

 for x = 0 to 86 kJ mol
-1

 for x = 0.5. Extrapolating the temperature 

dependence to the intermediate temperature range, 500-600 ºC, indicates that 

the rate of oxygen exchange, in air, increases with increasing iron mole frac-

tion, but saturates at the highest iron mole fraction for the given series. The 

observed behavior is concomitant with corresponding increases of both elec-

tronic and ionic conductivity with increasing x in SrTi1-xFexO3-δ. Including lit-

erature data of related perovskite-type oxides Ba0.5Sr0.5Co0.8Fe0.2O3-, 

La0.6Sr0.4Co0.2Fe0.8O3-, La0.6Sr0.4CoO3-, and Sm0.5Sr0.5CoO3-, a linear relation-

ship is observed in the log-log plot between oxygen exchange rate and oxide 

ionic conductivity with a slope fairly close to unity, suggesting that it is the 

magnitude of the oxide ionic conductivity that governs the rate of oxygen ex-

change in these solids. The distribution of oxygen isotopomers (
16

O2, 
16

O
18

O, 

                                                      
This chapter has been published in Phys. Chem. Chem. Phys. 14 (2012) 11759. 
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18
O2) in the effluent pulse can be interpreted on the basis of a two-step ex-

change mechanism for the isotopic exchange reaction. Accordingly, the ob-

served power law dependence of the overall surface exchange rate on oxygen 

partial pressure turns out to be an apparent one, depending on the relative rates 

of both steps involved in the adopted two-step scheme. Supplementary re-

search is, however, required to elucidate which of the two possible reaction 

schemes better reflects the actual kinetics of oxygen surface exchange on 

SrTi1-xFexO3-δ. 

6.1 Introduction 

 The non-stoichiometric perovskite oxides SrTi1-xFexO3-δ (STF) have re-

ceived considerable attention for use as resistive oxygen sensor in lean burn 

engines [1-3], as cathode for the solid oxide fuel cell [4], and as oxygen sepa-

ration membrane [5]. The series SrTi1-xFexO3-δ forms a continuous solid solu-

tion between end members SrTiO3 and SrFeO3. The partial ionic and electronic 

conductivities can be varied over several orders of magnitude by partial substi-

tution of iron for titanium in SrTiO3. Whereas SrTiO3, is essentially a wide 

band gap semiconductor with low conductivity [6, 7], nonstoichiometric 

SrFeO3-δ is a mixed ionic-electronic conductor with high electronic and ionic 

conductivities [8]. Pure SrFeO3-δ, however, undergoes an order-disorder phase 

transition below 850 ºC from disordered perovskite (SrFeO3-, space group 

3Pm m ) to ordered brownmillerite (Sr2Fe2O5, space group Icmm ), which lim-

its its application [9, 10]. The substitution of iron for titanium stabilizes the 

disordered perovskite phase, retaining a high electronic and ionic conductivity 

over a wide range of oxygen partial pressure and temperature [10, 11].  

 Recently, Jung and Tuller [12-14] found the area specific resistance of 

SrTi1-xFexO3-δ (x = 0.35 and 0.5) to be significantly lower than those of more 

typical SOFC electrodes such as La0.8Sr0.2CoO3-δ and La0.6Sr0.4Co0.2Fe0.8O3-δ 
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[15]. The observations inspired us to conduct a systematic study towards sur-

face oxygen exchange on SrTi1-xFexO3-δ. In this paper, we report a study on 

oxygen surface exchange of SrTi1-xFexO3-δ (x = 0, 0.01, 0.05, 0.35, and 0.5) as 

a function of temperature and oxygen partial pressure, using the 
18

O-
16

O pulse 

isotope exchange (PIE) technique recently developed in our laboratory [16, 17]. 

6.2 Experimental 

6.2.1 Sample preparation and analysis 

 SrTiO3 (STO) was purchased from Sigma Aldrich. Using X-ray fluores-

cence (Philips PW1480), 0.4 mol% Ba, 0.02 mol% Fe, 0.05 mol% Ca and 0.01 

mol% K were found to be present as major impurities. Powders of 

SrTi0.99Fe0.01O3-δ (STF1), SrTi0.95Fe0.05O3-δ (STF5), SrTi0.65Fe0.35O3-δ (STF35), 

and SrTi0.5Fe0.5O3-δ (STF50) were prepared by conventional solid state reaction 

at 1000-1200 ºC
 
for 12-24 h using commercial SrCO3, TiO2, and Fe2O3 (Sigma 

Aldrich) with intermediate grinding steps. The commercial powders were used 

as received from the manufacturer. Prior to use, STO and prepared STF pow-

ders were uniaxially pressed at 25 MPa into a pellet, followed by cold isostatic 

pressing at 400 MPa, and then sintered in air at 1200-1400 ºC
 
for 10-15 h. 

Each of the sintered pellets was then crushed into a coarse powder, which was 

sieved with a 120 mesh metal sieve. The sieved powder was annealed in air at 

950 ºC for 10 h, and then sieved again with a 120 mesh metal sieve to remove 

possibly formed agglomerates. The phase purity and morphology of the pow-

ders thus obtained were examined by X-ray diffraction (PANanalytical 

PW1830) and scanning electron microscopy (JEOL JSM-5600LV). Lattice 

parameters were calculated using the FullProf program [18]. Particle size and 

BET surface area measurements were conducted using a Mastersizer 2000 

(Malvern Instruments) and an ASAP 2020M (Micromeritics), respectively. 
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Particle sizes (d50) and BET surface areas were in the range of 0.6-1.5 μm and 

0.2-1.2 m
2
 g

-1
, respectively. 

6.2.2 Pulse-response 
18

O-
16

O isotope exchange measurements 

 Pulse 
18

O-
16

O isotope exchange (PIE) measurements were performed in 

the range of temperature and oxygen partial pressure 300-900 ºC and 0.1-0.95
 

atm, respectively, using a continuous flow packed-bed micro-reactor. During 

the measurement, the sample powder was loaded in the center of the quartz 

tubular micro-reactor having an inner diameter of 2 mm. Quartz wool plugs 

were used on both sides of the packed-powder bed to ensure its integrity. Typ-

ical values for the powder mass and length of the powder bed were in the 

range 0.05-0.09 g and 10-14 mm, respectively. A 
16

O2/Ar gas mixture was 

used as the carrier gas with a flow rate of 50 ml min
-1

 (NTP). The response to 

an 
18

O2-enriched N2 gas pulse (500 μl) fed through the reactor, with the same 

pO2 as carrier gas, was analyzed by on-line mass spectrometry (Omni Star TM 

GSD 301 Pfeiffer-Vacuum). Oxygen isotope gas (> 97 atom% 
18

O2) was pur-

chased from Cambridge Isotope Laboratory. A six-port valve was used for in-

jection of the 
18

O2/N2 pulse into the 
16

O2/Ar carrier gas flow stream. Nitrogen 

used as diluent gas for 
18

O2 was also used for calibration of the mass spec-

trometer. The mean residence time of the reactor varied between 8 to 30 ms, 

depending on the volumetric flow rate at the temperature of the measurement 

and the packed bed length. Prior to measurements, the packed powder bed was 

pre-treated at 850 ºC for 0.5 h under flowing, synthetic air to remove any ad-

sorbed water and CO2, and subsequently cooled to room temperature at a rate 

of 5 ºC min
-1

. The powder-packed bed microreactor was pre-equilibrated 0.5 h 

at each temperature and pO2 before data collection. Within the experimental 

range of temperature, blank experiments revealed no significant exchange ac-

tivity of the empty quartz micro-reactor. 
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 Data acquisition during PIE experiments was carried out by measuring the 

isotope fractions of 
18

O2 and 
16

O
18

O in the effluent pulse. The integrated peak 

area for 
16

O
18

O was corrected for tailing, if present, by linear interpolation of 

the background. The average result of three pulse experiments at a given tem-

perature and pO2 was used for calculation of the surface exchange rate, 0 

(mol O m
-2

 s
-1

), from [16, 17] 

 

18

g,i

0 18

r g,e

ln
τ

fn

S f

 
   

 
 

 (6.1) 

where 18

g,if  and 18

g,ef  are the 
18

O isotope molar fractions in the pulse at the inlet 

and exit of the reactor, respectively, n the total number of oxygen atoms in the 

free volume of the packed bed, S the total surface area within the packed bed, 

and rτ  the average residence time of the labeled gas in the reactor. The value 

of 18

gf  was calculated from  

 18 34 36

g g g0.5f f f   (6.2) 

where 36

gf  and 34

gf  are the isotope fractions of 
18

O2 and 
16

O
18

O, respectively. 

More details of the pulse isotope exchange experiments and theory are given 

elsewhere [16, 17]. 

6.3 Results and discussion 

6.3.1 Sample characterization 

 The room temperature X-ray diffraction patterns for SrTi1-xFexO3-δ with x 

ranging from 0 to 0.5 confirm that all compositions exhibit a single cubic per-

ovskite phase. The corresponding lattice parameters are listed in Table 6.1. 

These are found to be in good agreement with previously published data [19]. 

The decrease of the cubic lattice parameter with x in SrTi1-xFexO3-δ is con-
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sistent with the substitution of octahedral Ti
4+

 (0.605 Å) with smaller Fe
4+

 

(0.585 Å) or low-spin Fe
3+

 (0.55 Å) ions, noting that an increase is expected 

upon substitution with high-spin Fe
3+

 (0.645 Å) ions Values for the listed ionic 

radii were taken from Shannon [20]. No evidence was found in the X-ray dif-

fraction patterns for ordering or impurity phases. Back scattered SEM images 

showed a homogeneous micro-structure for all compositions. 

 

Table 6.1 Cubic lattice parameter (Å) of SrTi1-xFexO3-δ.  

 

x = 0 x = 0.01 x = 0.05 x = 0.35 x = 0.5 

3.9096 (2) 3.9064 (7) 3.9049 (3) 3.9003 (1) 3.8925 (8) 

6.3.2 Pulse isotopic exchange (PIE) measurements 

 Experimental data for the oxygen isotope fractions ( 32

gf , 34

gf , and 36

gf ) , 

from PIE measurements, at a pO2 of 0.21 atm, as a function of temperature for 

selected STF compositions is shown in Fig. 6.1. Under the conditions of the 

experiments, the uptake of 
18

O by STO becomes significant at ~750 ºC. For 

STF35 and STF50, the uptake occurs at much lower temperatures, ~300 ºC, 

reflecting the higher exchange activities for these solids relative to pure STO. 

The decrease in the isotope fraction of 
18

O2 (
36

gf ) with increasing temperature 

is balanced by increases in the fractions 
16

O2 ( 32

gf ) and 
18

O
16

O ( 34

gf ). This 

behavior, found to be different for each of the compositions, acts as a finger-

print for the relative rate of O2 dissociative adsorption to that of oxygen incor-

poration. This is further discussed in Section 6.3.4. 

 Fig. 6.2 shows corresponding Arrhenius plots of the overall surface ex-

change rate, 0, calculated using Eq. (6.1). Though direct comparison of the 
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data obtained for different compositions is somewhat restricted due to the lim-

ited temperature window of the PIE measurements, 0 is seen to be remarka-

bly enhanced by increasing the iron concentration in SrTi1-xFexO3-δ. Fig. 6.3 

shows estimated values of 0, obtained from extrapolation to 500 and 600 ºC, 

as a function of iron concentration. At both temperatures, 0 increases more 

than 3 orders of magnitude on going from STO to STF50. 0 is seen to satu-

rate at the highest iron concentrations, corresponding to STF35 and STF50. 

Activation energies of the oxygen exchange rate for SrTi1-xFexO3-δ calculated 

from the Arrhenius plots shown in Fig. 6.2 are listed in Table 6.2. These clear-

ly show a trend of decreasing activation energy with increasing iron concentra-

tion. 

 

Table 6.2 Apparent activation energies (kJ mol
-1

) of the rates of overall oxygen sur-

face exchange (0), oxygen dissociative adsorption (a), and oxygen incorporation 

(i) for SrTi1-xFexO3-δ (x = 0, 0.01, 0.05, 0.35, and 0.5). Standard errors are given in 

parentheses and refer to the least significant decimals. 

 

x 0  
a  

i  

0 140 (7) 326 (57) 15 (4) 

0.01 133 (5) 160 (6) 71 (13) 

0.05 110 (5) 105 (8) 101 (9) 

0.35 111 (3) 110 (5) 71 (6) 

0.5 86 (2) 88 (4) 84 (3) 
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Figure 6.1 Oxygen isotope fractions (
18

O2, 
18

O
16

O, and 
16

O2) as a function of tem-

perature from PIE measurements, at pO2 = 0.21 atm, on SrTi1-xFexO3-δ for (a) x = 0, 

(b) x = 0.01, (c) x = 0.35, and (d) x = 0.5. The drawn line is from model calcula-

tions on the basis of a two-step model for isotopic exchange (scheme (6.4)), assum-

ing constant activation energies for the rates of dissociative adsorption and oxygen 

incorporation, as discussed in Section 6.3.4.  

 



Oxygen surface exchange kinetics of SrTi1-xFexO3-δ 

 99 

 

Figure 6.2 Temperature dependence of the overall oxygen surface exchange rate, 

0, for SrTi1-xFexO3-δ (x = 0, 0.01, 0.05, 0.35, and 0.5) from PIE measurements, at 

pO2 = 0.21 atm. Data for 0.03 mol% Fe-doped STO and 0.2 mol% Fe-doped STO 

from isotope exchange followed by SIMS depth profiling from literature are shown 

for comparison [21, 22].  

 

Figure 6.3 Oxygen surface exchange rate, 0, for SrTi1-xFexO3-δ as a function of 

iron concentration (x).  
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6.3.3 Correlation between oxygen surface exchange rate and partial 

conductivities  

 Knowledge about the oxygen surface exchange kinetics on oxide ion con-

ducting oxides is essential to optimize the performance of devices incorporat-

ing these solids, such as cathodes for fuel cells, and oxygen separation mem-

branes. The nature of the interaction between gaseous O2 and surfaces, howev-

er, is one of the most fundamental issues in heterogeneous catalysis, but one 

which is presently still poorly understood.  

 It is generally conceived that oxygen surface exchange comprises a num-

ber of steps, including gas phase diffusion, adsorption, electronation, dissocia-

tion, surface diffusion of intermediate oxygen species, and oxygen incorpora-

tion. The presence of so-called coordinatively unsaturated sites (CUS), i.e., 

surface metal atoms not capped with oxygen and onto which O2 can be chemi-

sorbed, and surface oxygen vacancies are considered to play an essential role 

in the reaction pathway for oxygen incorporation. Different oxygen species 

have been postulated to occur as possible intermediates for the oxygen reduc-

tion reaction, such as superoxide ions ( 2O
), peroxide ions (

2

2O 
), and oxygen 

adatoms ( O
), before actual incorporation of these into the oxide lattice.  

 The overall oxygen surface exchange reaction can be written as, using 

Kröger-Vink notation, 

 2 O OO 2V 4e 2O    (6.3) 

from which it is intuitively apparent that lattice oxygen vacancies and elec-

trons at the oxide surface, both in terms of concentration and mobility, are ex-

pected to play a role in determining the rate of surface exchange. Reaction (6.3) 

is usually written in terms of electron holes ( h ) if, rather than the transfer of 

electrons from the conduction band to the oxygen adsorbate at the surface, the 
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electrons are transferred from the valence band. Boukamp et al. [23] were the 

first to note that a high electronic conductivity is a prerequisite for an oxide to 

exhibit fast oxygen surface exchange kinetics. Indeed, at given pO2 and tem-

perature, the exchange rate increases profoundly traversing from yttria-

stabilized zirconia to stabilized bismuth oxide, and subsequently to the mixed-

conducting perovskite oxides, e.g., La1-xSrxCoyFe1-yO3-, and so does the elec-

tronic conductivity of these materials. Wang et al. [24] recently established a 

correlation between the effective oxygen exchange rate for Ba1-xSrxCoyFe1-yO3-

, extracted from impedance data of dense microelectrodes, and the product of 

the concentration and mobility of oxygen vacancies in these materials, empha-

sizing on the important role of the oxygen mobility on the exchange rate. An 

important role of oxygen vacancies is also inferred from the empirical correla-

tions between the surface exchange coefficient and the oxygen tracer diffusion 

coefficient found by De Souza and Kilner [25], after reviewing a large number 

of data sets from isotopic exchange depth profiling studies of acceptor-doped 

perovskite- and fluorite-type oxides. In a more recent study, De Souza [26] 

challenged this view by proposing a universal rate expression, accounting for 

the pO2 dependence of the exchanges rate observed for selected materials. The 

author claimed that rather low concentrations of oxygen vacancies and high 

concentrations of electronic charge carriers would lead to high exchange rates. 

It is clear from the above that more experimental evidence is required to re-

solve these ambiguities. 

 To examine the role of partial conductivities in affecting the surface ex-

change kinetics, the values of 0 obtained for compositions SrTi1-xFexO3-δ are 

plotted against published values for the electronic (σe) and ionic conductivity 

(σi) in Figs. 6.4 (a) and (b), respectively [3, 11, 27]. The plotted values refer to 

data obtained, at 600 ºC, in air. In both figures, a correlation is apparent be-

tween 0 and the corresponding partial conductivity. However, when the data 
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is extended to include corresponding data for Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) 

[16, 28, 29], La0.6Sr0.4Co0.2Fe0.8O3- (LSCF) [30, 31], La0.6Sr0.4CoO3- (60LSC) 

[32, 33], and Sm0.5Sr0.5CoO3- (50SSC) [34, 35], no longer correlation is found 

between 0 and σe, whereas that between 0 and σi is retained. 0 displays a 

power law dependence on σi with exponent 1.2 (± 0.2) (see Fig. 6.4 (b)), which 

spans more than 3 orders of magnitude in the value of the ionic conductivity. 

Like the earlier studies conducted by De Souza and Kilner [25] and Wang et al. 

[24], the results emphasize the importance of oxide ion conductivity on the 

rate of oxygen surface exchange. The correlation concerns the oxide ion con-

ductivity, i.e., the product of vacancy concentration and vacancy diffusion co-

efficient, rather than each of these quantities separately. The observed power 

law exponent of 1.2 (± 0.2) is found to be in very good agreement with the 

value of 1.16 evaluated by Wang et al. [24] for phases Ba1-xSrxCoyFe1-yO3- (at 

600 °C). It must be said, however, that the present results are in conflict with 

data from impedance measurements on SrTi1-xFexO3-δ electrodes, prepared by 

pulsed laser deposition on oriented single crystal yttria-stabilized substrates, as 

reported recently by Jung and Tuller [13, 14]. In the latter study, the authors 

only found a weak dependence of the effective exchange rate on both σe and σi, 

with power law exponents of 0.15 (± 0.03) and 0.20 (± 0.02) at 650 °C, and 

0.07 (± 0.02) and 0.11 (± 0.02) at 800 ºC, respectively, for which we have no 

explanation. 
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Figure 6.4 Oxygen exchange rate (0) versus partial conductivity: (a) electronic 

conductivity (σe), and (b) ionic conductivity (σi). Data refer to T = 600 °C and pO2 

= 0.21 atm. SrTi1-xFexO3-δ [this study, 3, 11, 27], Ba0.5Sr0.5Co0.8Fe0.2O3- (BSCF) 

[16, 28, 29], La0.6Sr0.4Co0.2Fe0.8O3- (LSCF) [30, 31], La0.6Sr0.4CoO3- (60LSC) [32, 

33], and Sm0.5Sr0.5CoO3- (50SSC) [34, 35]. If not from this study, data of exchange 

rate and/or partial conductivity were taken from literature studies. 
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6.3.4 Two-step exchange mechanism   

 Fig. 6.1 displays the isotope fractions 32

gf , 34

gf , and 36

gf  in the effluent 

pulse as a function of temperature. To account for the extent of isotopic 

scrambling, referring to the distribution of 
18

O over gas phase O2 molecules in 

the effluent pulse at each temperature, the reversible oxygen exchange reaction 

is assumed to proceed via a consecutive two-step mechanism, as proposed ear-

lier by Boukamp et al. [36]  

 

2

a

ad

a

i

ad lattice

i

O 2O

O O

* *

*









 (6.4) 

It should be noted that each of both steps may still represent a grouping of spe-

cific elementary steps. Relevant for the interpretation of experimental data is, 

however, that isotopic randomization is assumed to take place only after disso-

ciative adsorption of O2 molecules at the surface (1
st
 step in (6.4)). During its 

residence time at the surface, the oxygen adatom, Oad, may or may not be ex-

changed with lattice oxygen, Olattice, before recombining with another oxygen 

adatom, and subsequent returning to the gas phase as an O2 molecule. Applica-

tion of the quasi-steady-state-approximation yields that the overall exchange 

rate, 0, can be broken down into 

 
0 a i

1 1 1
 

  
 (6.5) 

where a is the rate of homolytic dissociative adsorption of O2 molecules at 

the oxide surface, and i that of subsequent incorporation of the oxygen ada-

toms into the oxide lattice. In deriving Eq. (6.5), the occurrence of alternative 
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pathways for oxygen isotopic exchange has been excluded, such as (i) the mu-

tual exchange of oxygen between O2 molecules in the gas phase, and (ii) pos-

sible swapping out of one of the oxygen atoms of the O2 molecule for another 

oxygen during hypothetical formation of a three-atom complex between a gas 

phase O2 molecule and an adsorbed oxygen atom, Oad, or any other multi-atom 

complex between O2 molecules and adsorbed species. For the full derivation of 

the equations, expressing the distribution of oxygen isotopomers
 18

O2, 
16

O
18

O, 

and 
16

O2 in the effluent gas phase pulse, we refer to the appendix of this chap-

ter (Appendix 6.A). Two-step exchange scheme (6.4) was used to evaluate a 

and i from the measured oxygen isotope fractions (
18

O2, 
18

O
16

O, and 
16

O2) in 

the effluent pulse. Activation energies of both rates extracted from the corre-

sponding Arrhenius plots for each of the compositions SrTi1-xFexO3-δ (not 

shown) are listed in Table 6.2. The Arrhenius expressions for both rates were 

used to calculate the drawn lines in Fig. 6.1. 

 Fig. 6.5 shows the pO2 dependencies of the surface exchange rate for STO, 

STF35, and STF50, respectively. Power law exponents obtained from least 

squares analysis of the experimental data are listed in Table 6.3. For all three 

compositions, 0 is found to vary with (pO2)
n
 with n ≈ 0.5. The two-step ex-

change model (scheme (6.4)) was used for calculation of a and i. Corre-

sponding pO2 dependences of a and i calculated using two-step exchange 

scheme (6.4) are shown graphically in Fig. 6.6. The associated power law ex-

ponents are listed in Table 6.3. 

 For both STF35 and STF50, a is found to decrease with decreasing pO2. 

The corresponding power law exponents are found to be close to unity, which 

is expected for molecular O2 dissociative adsorption as rate determining step. 

On the basis of a consecutive mechanism for oxygen exchange weak and, in 

view of the closeness in composition, similar dependences of i on pO2 are 
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expected for STF35 and STF50. The corresponding data points are, however, 

too widely scattered to confirm such behavior. The ionic conductivity of both 

materials remains almost constant within the experimental range of pO2 [11]. 

Hence, a correlation between ionic conductivity and surface exchange rate, as 

discussed in the previous section, will not be manifested in the pO2-

dependences of both a and i. An important corollary of the results is that 

the observed power law exponent of ~0.5 for 0 is an apparent value and is 

actually determined by the relative rates of a and i. In the temperature range 

of 350-450 C, and at the lowest values of pO2, oxygen exchange is predomi-

nantly limited by a. At the highest values of pO2 covered by the experiments, 

a and i are competing. A similar analysis could be presented for STO. Fig. 

6.6 (a) shows evidence of a change-over of the rate determining step, at 900 C, 

from exchange limited by a to one limited by i below pO2 ≈ 0.1 atm. Given 

the large uncertainties in a and i for STO, the graph (Fig. 6.6) must be 

viewed as provisional, and treated with some caution. More measurements are 

necessary to provide support for the change in rate determining step for this 

composition. 

 Although the validity of scheme (6.4) has been verified by numerous iso-

topic exchange experiments in our laboratory, it should be mentioned that it is 

not the only possible two-step scheme to account for isotopic scrambling dur-

ing the oxygen exchange reaction. An alternative two-step scheme is 
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where the superscript ‘1’ in both rates 
1

a  and 
1

i  designates the fact that in 

this scheme one oxygen atom of the O2 molecule is immediately incorporated 

upon oxygen dissociative adsorption; the other, Oad, diffuses across the surface 

until it is either incorporated or, after recombination with lattice oxygen, re-

turned to the gas phase as an O2 molecule. The immediate incorporation of one 

of the oxygen atoms of an O2 molecule upon adsorption affects the statistics of 

isotopic equilibration. For a full discussion and description of the mathematics, 

we refer the reader to the appendix of this chapter (Appendix 6.A). Applica-

tion of scheme (6.6) to interpret the data from PIE measurements on STO, 

STF35, and STF50 as a function of pO2, however, did not alter the major con-

clusions drawn from the previous analysis using scheme (6.4), as discussed 

above. Graphs showing the pO2 dependencies of 
1

a  and 
1

i  for these compo-

sitions, and a table listing the corresponding power law exponents obtained 

from least squares analysis of the experimental data are provided in Appendix 

6.B. It should be noted that schemes (6.4) and (6.6) are the only two possible 

two-step schemes to account for isotopic scrambling during oxygen isotopic 

equilibration reaction with the oxide. Their relationships with the theories put 

forward by Boreskov and Muzykantov [37] and Klier et al. [38, 39] are dis-

cussed in the appendix (Appendix 6.A). Time-dependent oxygen isotopic equi-

libration measurements are proposed for evaluation which of both schemes 

better reflects the actual kinetics of oxygen surface exchange on SrTi1-xFexO3-δ. 
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Table 6.3 Power law exponents of the pO2 dependencies of the rates of oxygen 

surface exchange (0), oxygen dissociative adsorption (a), and oxygen incorpora-

tion (i) for STO, STF35, and STF50 at different temperatures. Values for a and 

i were calculated on the basis of two-step exchange scheme (6.4) for modeling 

the data from PIE measurements. Standard errors are given in parentheses and refer 

to the least significant decimals. 

 

 T (C) 0 a i 

STO 900 0.46 (4) 1.8 (4) -0.17 (20) 

STF35 
350 0.58 (7) 1.2 (1) -0.31 (3) 

400 0.57 (3) 1.1 (1) -0.41 (5) 

STF50 
400 0.59 (7) 0.82 (7) 0.10 (12) 

450 0.59 (7) 0.94 (9) -0.10 (13) 
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Figure 6.5 Oxygen partial pressure dependence of the overall oxygen exchange 

rate, 0, for selected SrTi1-xFexO3-δ compositions: (a) STO, (b) STF35, and (c) 

STF50. 
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Figure 6.6 Oxygen partial pressure dependence of the rates of oxygen dissociative 

adsorption (a) and oxygen incorporation (i) for selected SrTi1-xFexO3-δ composi-

tions: (a) STO, (b) STF35, and (c) STF50. Calculations were performed on the basis 

of two-step exchange scheme (6.4) for modeling the data from PIE measurements. 

See main text.  
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6.4 Conclusions 

 The key results from this study can be summarized as follows:  

(1) The pulse isotopic exchange technique has been used in order to 

measure the rate of oxygen surface exchange, 0, on mixed conduct-

ing perovskite oxides SrTi1-xFexO3-δ (x = 0, 0.01, 0.05, 0.35, 0.5) as a 

function of temperature and oxygen partial pressure. Arrhenius activa-

tion energies range from 140 kJ mol
-1

 for x = 0 to 86 kJ mol
-1

 for x = 

0.5. 

(2) Extrapolating the temperature dependence of 0 to the intermediate 

temperature range, 500-600 ºC, indicates that 0, in air, increases with 

increasing iron mole fraction in SrTi1-xFexO3-δ, but saturates at the 

highest iron mole fraction. 

(3) A linear relationship is observed in the log-log plot between 0 and 

oxide ionic conductivity, at 600 ºC in air, with slope ~1.2. This result 

suggests that it is the materials’ oxide ionic conductivity that controls 

the rate of oxygen surface exchange. The observed relationship holds 

when selected literature data for other perovskite-type oxides are add-

ed. 

(4) A two-step exchange mechanisms for the isotopic exchange reaction is 

used to account for the distribution of 
16

O2, 
16

O
18

O, and 
18

O2 in the ef-

fluent pulse. Accordingly, the power law dependence of 0 on pO2 is 

demonstrated to be an apparent one, depending on the relative rates of 

both steps involved in the adopted two-step scheme. Supplementary 

research is, however, required to elucidate which of the two proposed 

reaction schemes better reflects the actual kinetics of oxygen surface 

exchange reaction on SrTi1-xFexO3-δ. 
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Appendix 

6.A. Theory of oxygen isotopic exchange 

 In this appendix, the theory of oxygen isotopic exchange on solid oxides 

is presented. The equations provided are adapted to conditions encountered in 

the 
18

O-
16

O pulse isotopic exchange (PIE) experiments, thereby following the 

more general treatment given earlier by den Otter et al..
1
  

 The PIE experiments are supposed to be carried out under isothermal and 

iso-pO2 conditions, and under conditions that negligible accumulation of 
18

O 

occurs at the oxide surface. The latter implies that the exchange time must be 

smaller than the time constant 
* 2

sτ /D k , where *D  is the oxygen tracer dif-

fusivity, and ks the surface exchange coefficient. The latter is calculated from  

s 0 o/k c , where 0 is the rate of oxygen exchange, and co the concentration 

of oxide ions in the solid oxide. The time constant τ  dictates how fast 
18

O 

piles up at the surface.
2
 In the PIE experiments, the actual exchange time cor-

responds to the duration of a pulse. The number of 
18

O atoms in the gas phase 

pulse is maintained substantially smaller than the number of oxide ions in the 

oxide, preventing significant accumulation of 
18

O in the oxide.  

 The expectation values to find 
18

O-labeled oxygen in the O2 molecule af-

ter an exchange act are   

 
 

 

*

1 1 b 1 g

*

2 2 b 2 g

1

1

*

*

p f p f

p f p f





  

  
 (6.A.1) 

where p1 and p2 designate the probabilities of both atoms for exchange with 

lattice oxygen, and *

gf  and b

*f  are the 
18

O-fractions in the gas phase and oxide, 

                                                      
1 M.W. den Otter, B.A. Boukamp, H.J.M. Bouwmeester, Solid State Ionics 139 (2001) 89. 
2 P. Fielitz, G. Borchardt, Solid State Ionics 144 (2001) 71. 
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respectively. The differential equations describing the time dependence of x, y, 

and z, denoting the gas phase fractions of 
36

O2, 
34

O2, and 
32

O2, respectively, in a 

volume element, traversing through the reactor can be written as 

 

 

    

   

a 1 2

a 1 2 2 1

a 1 2

1 1

1 1


       


         


        

x
n S x

t

y
n S y

t

z
n S z

t

 

   

 

 (6.A.2) 

where n (mol O) denotes the number of O atoms in the gas phase of a volume 

element (which is twice the number of O2 molecules), a (mol O m
-2

 s
-1

) the 

rate of adsorption, and S the oxide surface area. Quantities n and S are normal-

ized over the entire volume of the reactor. Since in the PIE experiments,

b 0*f , Eq. (6.A.2) can be rewritten as 

 

  

    

 

2

a g 1 2

2

a g 1 2 1 2

* 2

a g 1 2

1 1

1 1

*

*

x
n S x f p p

t

y
n S y f p p p p

t

z
n S z f p p

t


         


          


       

 (6.A.3) 

The 
18

O-fraction in the gas phase can be calculated from 

 *

g

1
 

2
f x y   (6.A.4) 

Hence, its time dependence follows from the first order linear differential 

equation, 

  
*

g *

1 2 a g

1

2

f
n S p p f

t

  
       
  

 (6.A.5) 
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which is in accord with McKay’s law for isotopic exchange reactions.
3
 Integra-

tion with respect to time yields 

 * *

g g,i

0

( ) exp
τ

t
f t f

 
   

 
 (6.A.6) 

where 

 
0

0

τ 


n

S
 (6.A.7) 

Hence, the overall 
18

O-
16

O exchange rate 0 is given by 

  0 1 2 a

1

2
p p     (6.A.8) 

Eq. (6.A.6) is equivalent to Eq. (6.1) for rτt  , where rτ  is the time of resi-

dence in the reactor. 

 So far the two oxygen atoms in the gaseous O2 molecule are considered to 

have independent probabilities  1 2p , p for exchange with lattice oxygen, i.e., 

not determined by the pathway for oxygen exchange. In the isotopic exchange 

theory developed by Klier et al.,
4

 and independently by Boreskov and 

Muzykantov,
5
 the exchange is described by three parallel one-step mechanisms. 

In the theory developed by these authors, it is conceived that the O2 molecule  

may exchange either one or both atoms with lattice oxygen (referred to as het-

ero exchange) at a rate R
1
 and R

2
, respectively, or, without the involvement of 

lattice oxygen, i.e., only with oxygen atoms from the gas phase (referred to as 

homo exchange), at a rate R
0
. The stochastic theory developed by the above 

cited authors is mathematically consistent with the present theory. Its relation-

                                                      
3 H.A.C. McKay, Nature 142 (1938) 997. 
4 K. Klier, J. Nováková, P. Jíru, J. Catal. 2 (1963) 479. 
5 G. Boreskov, V. Muzykantov, Ann. Ny. Acad. Sci. 213 (1973) 137. 
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ship becomes more clear if we write the rates associated with each of the one-

step mechanisms as 

 

   

   

 

0

a 1 2

1

a 1 2 1 2

2

a 1 2

1 1

1 1

R p p

R p p p p

R p p

      

      



 (6.A.9) 

noting that  

 
0 1 2

a R R R     (6.A.10) 

When  1 2p , p =  0 0, ,  1 2p , p =  1 0,  or  0 1, , or  1 2p , p =  11, , either 

mechanism R
0
, R

1
 or R

2 
occurs exclusively. When both p1 and p2 depart from 0 

or 1, all three one-step mechanisms will occur simultaneously. The charm of 

the theory developed by den Otter et al.,
1
 in which the parameter set 

 a 1 2, p , p  is used, rather than  0 1 2R ,R ,R , is that mechanistic models for 

the oxygen isotopic exchange are easily implemented.  

 In the following, we exclude i) mutual exchange of oxygen between O2 

molecules in the gas phase, and ii) possible swapping out of one of the oxygen 

atoms of the O2 molecule for another oxygen during hypothetical formation of 

a three-atom complex between a gas phase O2 molecule and an adsorbed O 

adatom, or of any other multi-atom complex between O2 molecules and ad-

sorbed species. Analysis of the mechanistic pathways, and associated statistics, 

shows that the exchange of oxygen between the gas phase and oxide can be 

described to proceed via two reversible two-step mechanisms, following dis-

sociative adsorption of oxygen.  

 In the first of these mechanisms, both O-adatoms, Oad, formed after homo-

lytic dissociative adsorption of 2O , have equal probability (i.e., 1 2p p p  ) 

to be converted into lattice oxygen,  
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2

a

ad

a

i

ad lattice

i

O 2O

O O

* *

*









 (6.4) 

The incorporation of Oad into the oxide lattice is bounded by rates a and i. It 

is easily verified that    

 a i
0 a

a i

p
 

   
 

 (6.A.11) 

and, by substitution of 1 2p p p   into Eq. (6.A.9), 

 

 

 

20

a

1

a

2 2

a

1

2 1

R p

R p p

R p

  

  
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 (6.A.12) 

It follows that by adopting scheme (6.4) as the mechanism for isotopic ex-

change, the rates R0, R1, and R2 are subject to constraint 1 0 24R R R . Substi-

tution of Eq. (6.A.6) in Eq. (6.A.3), followed by integration over the time of 

residence yields 

2 2

* *

g,i i g,i1 1

0 02 2

(1 ) (1 )
exp( ) exp( )

(1 2 ) (1 2 )

p t p t
x f x f

p
p p

    
                           

 (6.A.13) 

where xi = x(0) denotes the fraction x in the inlet pulse. Eq. (6.A.13) can be 

used to calculate p from the value of x in the pulse at the exit of the reactor. 

Explicit expressions for y and z follow from the use of equations (6.A.4) and

1x y z   .   
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 In the second of these mechanisms, one oxygen atom is immediately in-

corporated ( 1 1p  ) upon adsorption, the other is an oxygen adatom, Oad, mi-

grating over the surface until it either recombines with lattice oxygen and de-

sorbs as an oxygen molecule or is incorporated (with probability 2p p ) 

into the oxide lattice,  

 

2

1

a

ad lattice
1

a

1

i

ad lattice
1

i

O O O

O O

* * *

*










 (6.6) 

where the superscripts in 
1

a  and 
1

i
 
have been adapted (to designate that in 

this model one oxygen atom is immediately incorporated upon adsorption). It 

follows that 

  
1

1 1 i
0 a a

1 1

a i

1 1
1 1

12 2

2

p

 
 

         
  
 

 (6.A.14) 

and, by substitution of 1 21;p p p   into Eq. (6.A.9), 

 

 

0

1 1

a

2 1

a

0

1

R

R p

R p



 

   

 (6.A.15) 

Making the appropriate substitutions, one may derive from Eq. (6.A.3),  

 
 

i

0

2
exp( )

1

t
x x

p
   

 
 (6.A.16) 

which can be used to evaluate p  from the fraction x in the exit pulse. Both 

mechanisms (6.4) and (6.6) converge into a one-step R
2
-mechanism if both 
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oxygen atoms in the O2 molecule have a probability of unity for incorporation 

into the oxide lattice. It is further noted that both steps in schemes (6.4) and 

(6.6) may involve a consecutive set of elementary reactions. Finally, it is 

stressed that PIE measurements alone cannot discriminate between the validity 

of two-step schemes (6.4) and (6.6). To this end, the isotopic equilibration be-

tween gas phase and oxide needs to be monitored as a function of time. Proper 

account needs to be taken in such experiments when the isotopic equilibration 

is partly governed by diffusion of 
18

O in the oxide.
6
 

  

                                                      
6 K. Klier, E. Kucera, J. Phys. Chem. Solids 27 (1966) 1087. 
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6.B. Data for alternative two-step exchange mechanism  

 

Table 6.B.1 Power law exponents of the pO2 dependencies of the rates of oxygen dis-

sociative adsorption ( 1

a ), and oxygen incorporation ( 1

i ) for STO, STF35, and 

STF50 at different temperatures. Values for 1

a  and 1

i  were calculated on the basis 

of two-step exchange scheme (6.6) for modeling the data from PIE measurements. 

Standard errors are given in parentheses and refer to the least significant decimals. 

 

 T (
o
C) 

1

a  1

i  

STO 900 0.65 (8) - 

STF35 
350 0.72 (9) -0.29 (3) 

400 0.66 (6) -0.84 (6) 

STF50 
400 0.8 (1) 0.1 (2) 

450 0.8 (1) -0.2 (2) 
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Figure 6.B.1 Oxygen partial pressure dependence of the rates of oxygen dissociative 

adsorption ( 1

a ) and oxygen incorporation ( 1

i ) rate for selected SrTi1-xFexO3-δ 

compositions: (a) STO, (b) STF35, and (c) STF50. Calculations were performed on 

the basis of two-step exchange scheme (6.6) for modeling the data from PIE meas-

urements. See main text. 
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7   

Chapter 7 

Oxygen surface exchange kinetics of 

20 mol% rare-earth oxide-doped ceria 

 

Abstract 

The oxygen exchange kinetics of 20 mol% rare-earth oxide-doped ceria, 

RE0.2Ce0.8O2-δ (RE = Gd, Sm, Pr, Tb), has been investigated using the pulse-

response 
18

O-
16

O isotope exchange technique in the range of temperature 500-

950 ºC and oxygen partial pressure 0.1-0.95 atm. The results indicate that 

Gd0.2Ce0.8O2-δ, Sm0.2Ce0.8O2-δ, and Pr0.2Ce0.8O2-δ exhibit comparable exchange 

rate, whereas Tb0.2Ce0.8O2-δ exhibits an exchange rate about an order of magni-

tude lower than the other compositions. The exchange rate of RE0.2Ce0.8O2-δ is 

found to be independent of ionic, electronic, and ambipolar conductivities. The 

dissociative adsorption of the oxygen molecule is the rate determining step of 

the oxygen exchange reaction on RE0.2Ce0.8O2-δ. 
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7.1 Introduction 

 Doped ceria are promising electrolytes for use in solid oxide fuel cells 

(SOFC) [1, 2]. These materials exhibit high ionic conductivity and a good 

chemical stability towards high performance cobalt-containing cathodes [3]. 

Among all rare earth oxide dopants, gadolinia- and samaria-doped ceria are 

found to exhibit the highest ionic conductivities [4]. The maximum ionic con-

ductivities are found for Gd0.2Ce0.8O2-δ [5] and Sm0.2Ce0.8O2-δ [6]. Recent stud-

ies show that Gd0.1Ce0.9O2-δ, Pr0.2Ce0.8O2-δ, and Tb0.2Ce0.8O2-δ have potential for 

use as an oxygen transport membrane [7-10]. The oxygen exchange kinetics is 

a crucial parameter for the performance of doped ceria as oxygen ion conduct-

ing membranes. However, the oxygen exchange kinetics of doped ceria has not 

been investigated systematically.  

 In this study, the oxygen exchange kinetics of 20 mol% rare-earth oxide-

doped ceria, RE0.2Ce0.8O2-δ (RE = Gd, Sm, Pr, and Tb), is investigated using 

the pulse-response 
18

O-
16

O isotope exchange (PIE) technique [11, 12]. Also, an 

attempt is made to make a correlation between the exchange rate and conduc-

tivity of RE0.2Ce0.8O2-δ.  

7.2 Experimental 

7.2.1 Sample preparation and analysis 

 Powders of Gd0.1Ce0.9O2-δ (GDC10), Gd0.2Ce0.8O2-δ (GDC20), 

Sm0.1Ce0.9O2-δ (SDC10), Sm0.2Ce0.8O2-δ (SDC20), Tb0.1Ce0.9O2-δ (TDC10), 

Tb0.2Ce0.8O2-δ (TDC20), and Pr0.2Ce0.8O2-δ (PDC20) were prepared by a co-

precipitation method using metal nitrate precursors. All powders were calcined 

in air at 950-1000 ºC for 10 h. The obtained single phase powders were uniax-

ially pressed at 25 MPa into a pellet, followed by cold isostatic pressing at 400 

MPa, and then sintered in air at 1400 ºC for 10 h. The sintered pellets were 

crushed into coarse powders, sieved with a 120 mesh metal grid. The sieved 
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powders were annealed in air at 1200 ºC for 10 h, and then sieved again with a 

120 mesh metal grid to remove agglomerates. The phase purity was examined 

by X-ray diffraction (PANanalitical PW1830). The particle size and BET sur-

face area measurements were conducted using a Mastersizer 2000 (Malvern 

Instruments) and a Gemini VII (Micromeritics), respectively. 

7.2.2 Pulse-response 
18

O-
16

O isotope exchange measurements 

 Pulse-response isotope exchange (PIE) measurements were performed in 

the range of temperature and oxygen partial pressure (pO2) 500-950 ºC and 

0.1-0.95 atm, respectively, using a continuous flow packed-bed micro-reactor. 

During the measurement, the sample powder was loaded in the center of the 

quartz tubular reactor with inner diameter 2 mm. Quartz wool plugs were used 

on both sides of the powder to secure the packed-bed. The length and mass of 

the packed-bed were typically in the range of 11-13 mm and 100-120 mg, re-

spectively. 
16

O2 with Ar was used as carrier gas with a total flow rate of 50 ml 

min
-1

 (NTP). The response to a 
18

O2/N2 pulse, with the same oxygen partial 

pressure as in the carrier gas, passing through the reactor was analyzed by on-

line mass spectrometry (Omni Star TM GSD 301 Pfeiffer-Vacuum) at the exit 

of the reactor. A six-port valve with a 500 μl sample loop was used for injec-

tion of the 
18

O2/N2 pulse into the 
16

O2/Ar gas flow stream. Oxygen isotope gas 

was purchased from Cambridge Isotope Laboratory (> 97 atom% 
18

O2). Nitro-

gen, used as diluent for the 
18

O2 gas was also used for internal calibration of 

the mass spectrometer. The mean residence time of the reactor varied between 

10 and 30 ms, depending on temperature. The packed-bed was pre-treated at 

850 ºC in synthetic air to remove adsorbed water and CO2, and cooled down to 

50 ºC before the measurement. The pulse isotopic exchange measurements 

were conducted from 50 ºC onwards up to 950 ºC. The packed-bed reactor was 

equilibrated for 0.5 h at each temperature and pO2 before the measurement. 



Chapter 7 

 128 

Averaged values of three pulse experiments at a given temperature and pO2 

were used for evaluating the surface exchange rate. 

 The overall surface exchange rate, 0 (mol O m
-2 

s
-1

), is calculated from 

[11, 12]  

 

18

g,i

0 18

r g,e

ln
τ

 
   

 
 

fn

S f
 (7.1) 

where 18

g,if  and 18

g,ef  are the 
18

O isotope fractions in the pulse at the inlet and 

exit of the reactor, respectively, n is the total number of oxygen atoms in the 

free volume of the oxide packed bed, S the total surface area of the oxide pow-

der, and rτ  the average residence time of the labeled gas in the reactor. 18

gf  is 

calculated from the measured pulse integral values of the isotope fractions 

with mass 36 and 34: ( 18 34 36

g g g0.5f f f  ) at the exit of the reactor. 0 is a 

lumped parameter and can be broken down, assuming a two-step consecutive 

mechanism for the exchange reaction, into  

 a i
0 a

a i

p
 

   
 

 (7.2) 

where a and i are the rates of oxygen dissociative adsorption and incorpora-

tion, respectively. The quantity p is calculated from 

2

2

36 18 36 18r r
g,e g,i g,i g,i1

u 2

2(1 ) (1 )
exp( ) exp( )

1 2
(1 2 ) u

p p
f f f f

p p
p

  
                          

 (7.3) 

where u 0/n S   . Under the equilibrium conditions maintained during the 

isotope exchange experiments, p corresponds to the fraction of dissociatively 

adsorbed oxygen atoms that are successfully exchanged with oxygen from the 
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oxide. More details of the pulse isotope exchange experiments and theory are 

given elsewhere [11, 12]. 

7.3 Results and discussion 

 Fig. 7.1 shows the oxygen isotope fractions of (a) GDC20, (b) SDC20, (c) 

PDC20, and (d) TDC20 as a function of temperature in air. The oxygen ex-

change reaction is initiated at 500 ºC for GDC20, SDC20, and PDC20 and at 

700 ºC for TDC20. Accordingly, the 
18

O2 fraction decreases with increasing 

temperature. The 
18

O in the gas phase is exchanged for 
16

O in the oxide, giving 

rise to the formation of 
18

O
16

O and 
16

O2. The 
18

O
16

O fractions reach a maxi-

mum, 15% at 650 ºC and 30% at 700 ºC for GDC20 and SDC20, respectively, 

then decrease with increasing temperature, while both 
18

O
16

O and 
16

O2 frac-

tions of PDC20 and TDC20 increase with increasing temperature.  The distri-

bution of three oxygen isotopomers (
18

O2, 
18

O
16

O, and 
16

O2) allows to study the 

mechanism of the oxygen exchange reaction. This is further discussed below. 

 Fig. 7.2 shows Arrhenius plots of the overall exchange rate (0) for 

GDC20, SDC20, PDC20, and TDC20 from PIE measurements. GDC20, 

SDC20, and PDC20 exhibit comparable exchange rate within a half order of 

magnitude, whereas TDC20 shows a much slower exchange rate of about an 

order of magnitude lower than GDC20, SDC20, and PDC20. Activation ener-

gies for GDC20, SDC20, PDC20, and TDC20 are 108 (3), 105 (3), 135 (5), 

and 137 (9) kJ mol
-1

, respectively.   
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Figure 7.1 Oxygen isotope fractions (
18

O2, 
18

O
16

O, and 
16

O2) as a function of 

temperature from PIE in synthetic air for (a) Gd0.2Ce0.8O2-δ (GDC20), (b) 

Sm0.2Ce0.8O2-δ (SDC20), (c) Pr0.2Ce0.8O2-δ (PDC20), and (d) Tb0.2Ce0.8O2-δ 

(TDC20). The drawn line is from model calculations, assuming constant activa-

tion energies for the dissociative adsorption and incorporation rate over the entire 

temperature range.  

 

 The oxygen exchange kinetics of gadolinia-doped ceria has been exten-

sively studied by means of 
18

O-
16

O isotope exchange followed by depth profil-

ing (IEDP) [13-16], while for other doped ceria compositions no exchange 

data are available in literature. Fig. 7.3 compares surface exchange rate data of 

GDC10 and GDC20 from PIE and 
18

O-
16

O isotope exchange followed by 

depth profiling (IEDP) measurements. To enable comparison, the surface ex-

change coefficient from IEDP measurements, ks (cm s
-1

), was calculated using 

0 = kscO, where cO is the concentration of oxygen ions in the oxide. It is seen 
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from Fig. 7.3 that the surface exchange rate of gadolinia-doped ceria from lit-

erature and those obtained in this study significantly deviate. This may be part-

ly accounted for by the different sample types (single crystal or polycrystalline) 

and oxygen partial pressures. Further systematic studies are necessary to clari-

fy the observed discrepancies. 

 

Figure 7.2 Overall exchange rate (0) of Gd0.2Ce0.8O2-δ (GDC20) and Sm0.2Ce0.8O2-

δ (SDC20), Pr0.2Ce0.8O2-δ (PDC20), and Tb0.2Ce0.8O2-δ (TDC20) in air  as a function 

of inverse temperature. 

 

 Recently, Wang et al. [17] have performed systematic study on perov-

skite-type oxides, Ba1-xSrxCoyFe1-yO3-δ using IEDP, and found that the surface 

exchange rate scales with the ionic conductivity, which emphasize that the sur-

face oxygen exchange mechanism is strongly related to both the oxygen va-

cancy concentration and diffusivity. In this study, an attempt is made to corre-

late 0 with conductivities for doped ceria with varying doping element and 

concentration. Fig. 7.4 shows the log-log plot of (a) ionic, (b) electronic, and 

(c) ambipolar conductivities [4, 5, 18-21] vs. 0 at 600 ºC in air. GDC10 and 
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SDC10 are excluded in Fig. 7.4 (b) and (c) due to lack of electrical and ambi-

polar conductivities in the literature. No apparent correlation is found between 

conductivities and 0 for doped ceria. Only a weak correlation as shown in Fig. 

7.4 (a) between 0 and ionic conductivities is found for doped ceria except for 

PDC20. Although the ionic conductivity of PDC20 is about 1.5 orders of mag-

nitudes lower than those of GDC20 and SDC20, 0 of PDC20 is nearly the 

same as that of GDC20 and SDC20, which is partly due to the excellent oxy-

gen exchange activity of praseodymium oxide [22, 23]. In cases of gadolinia-, 

samaria-, and terbia-doped ceria, 0 increases with increasing dopant concen-

tration from 10 to 20 mol%. Even though the thermodynamic and bulk 

transport properties of rare-earth oxide-doped ceria are well-understood, the 

relationship between surface oxygen exchange and bulk properties is still un-

clear. 
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Figure 7.3 The comparison of 0 of Gd0.1Ce0.9O2-δ (GDC10), Gd0.2Ce0.8O2-δ 

(GDC20), and Gd0.3Ce0.7O2-δ (GDC30) from pulse-response isotope exchange (PIE) 

and isotope exchange followed by depth profiling (IEDP) measurements [13-16]. 
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Figure 7.4 Double-logarithmic plots of 0 vs. (a) ionic conductivity (σi), (b) elec-

tronic conductivity (σe), and (c) ambipolar conductivity (σamb) for Gd0.1Ce0.9O2-δ 

(GDC10), Gd0.2Ce0.8O2-δ (GDC20), Sm0.1Ce0.9O2-δ (SDC10), Sm0.2Ce0.8O2-δ 

(SDC20), Tb0.1Ce0.9O2-δ (TDC10), Tb0.2Ce0.8O2-δ (TDC20), and Pr0.2Ce0.8O2-δ 

(PDC20) at 600 ºC in air. 
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 The dissociative adsorption (a) and incorporation (i) rates are cal-

culated from Eqs. (7.2) and (7.3). Fig. 7.5 shows Arrhenius plots of 0, a, 

and i for (a) GDC20, (b) SDC20, (c) PDC20, and (d) TDC20. It is seen 

from Fig. 7.5 that the oxygen exchange rates of all compositions are lim-

ited by the rate of dissociated adsorption. Supplementary pO2 dependence 

measurements are performed for GDC20 and SDC20 to gain more insight 

in the underlying mechanism. Fig. 7.6 shows the pO2 dependence of 0, 

a, and i  for (a) GDC20 and (b) SDC20 at 700 ºC. It is remarkable that 

i of GDC20 is much higher than a, whereas i is comparable with a in 

the case of SDC20. Even though the bulk properties such as conductivity 

and defect chemistry of GDC20 and SDC20 are similar [4, 5, 18], ob-

served pO2 dependencies of 0, a, and i are different each other. Hence, 

the difference in surface chemistry might provide an explanation for the 

observed discrepancies in the pO2 dependent measurements between 

GDC20 and SDC20. Scanlon et al. [24] observed by means of low energy 

ion scattering and Rutherford backscattering spectroscopy that the surface 

of GDC20 is highly enriched with gadolinium by about 250% (Ce/Gd ratio 

is 1 at the outermost surface) as compared to the bulk composition (Ce/Gd 

ratio is 4.2 in the bulk). Unfortunately, the surface chemistry of SDC20 is 

still unknown. More investigations are needed to clarify the relationship 

between surface chemistry and oxygen exchange kinetics for these doped 

ceria compositions.  
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Figure 7.5 Rate of overall oxygen exchange (0), dissociative adsorption (a), 

and oxygen incorporation (i) of (a) Gd0.2Ce0.8O2-δ (GDC20), (b) Sm0.2Ce0.8O2-δ 

(SDC20), (c) Pr0.2Ce0.8O2-δ (PDC20), and (d) Tb0.2Ce0.8O2-δ (TDC20) in air as a 

function of inverse temperature. 
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Figure 7.6 Oxygen partial pressure dependence (pO2) of overall exchange rate (0), 

dissociative adsorption (a), and oxygen incorporation (i) on (a) Gd0.2Ce0.8O2-δ 

(GDC20) and  (b) Sm0.2Ce0.8O2-δ (SDC20) at 700 ºC. The numbers denote the slope 

of each line.  

 

7.4 Conclusions 

 The results obtained in this study show that Gd0.2Ce0.8O2-δ, Sm0.2Ce0.8O2-δ, 

and Pr0.2Ce0.8O2-δ exhibit comparable exchange rate, while Tb0.2Ce0.8O2-δ exhib-

its an exchange rate of about an order of magnitude lower than the other com-

positions. No strong correlation between the exchange rate and bulk conduc-

tivity is found for RE0.2Ce0.8O2-δ (RE = Gd, Sm, Pr, and Tb). The surface oxy-

gen exchange on RE0.2Ce0.8O2-δ is limited by the dissociative adsorption of ox-

ygen. 
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Chapter 8 

Oxygen surface exchange kinetics of  

La1-xSrxCoO3-δ (x = 0-0.7) 

Equation Section 8 

Abstract 

The oxygen exchange kinetics of La1-xSrxCoO3-δ (LSC, x = 0, 0.2, 0.4, 0.5, 0.7) 

has been investigated under synthetic air in the temperature range of 300-600 

ºC using the pulse-response 
18

O-
16

O isotope exchange technique. LaCoO3-δ and 

La0.8Sr0.2CoO3-δ are excluded in the discussion due to poor oxygen exchange 

capacity caused by 
18

O accumulation at the surface. The exchange rate of LSC 

increases with increasing strontium concentration. The activation energy of 

LSC is in the range of 112-114 kJ mol
-1

. The oxygen exchange mechanism on 

LSC is investigated employing a two-step model. The incorporation rate of 

adsorbed oxygen atoms is rate limiting for La0.6Sr0.4CoO3-δ, while the dissocia-

tive adsorption rate of oxygen molecules is rate limiting for La0.5Sr0.5CoO3-δ 

and La0.3Sr0.7CoO3-δ.  
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8.1 Introduction 

 Mixed ionic electronic conducting oxides, with compositions La1-

xSrxCoO3-δ (LSC), have been considered as cathode material for the solid oxide 

fuel cell (SOFC) [1-5]. The phase instability of LSC with zirconia based elec-

trolytes can be overcome by using a ceria interlayer on top of the zirconia elec-

trolyte [6-9]. A dense La0.6Sr0.4CoO3-δ thin film electrode exhibits low polari-

zation resistance (< 0.1 Ω cm
-2

) even at 600 ºC, which is attractive for the 

cathode in the intermediate temperature SOFC [10]. 

 One of the crucial parameters for the polarization behavior of LSC elec-

trode is the surface exchange rate, which can be determined by 
18

O-
16

O isotope 

exchange measurements. Oxygen isotope exchange measurements on LSC 

have been performed by many research groups using either ex-situ 
18

O depth 

profiling or line scanning after isotope exchange or in-situ gas phase analysis 

during isotope exchange at high temperatures [11-18].  Based on collected lit-

erature data and their own study, Berenov et al. [18] have found that the sur-

face exchange coefficient of LSC increases with increasing strontium content. 

However, the surface exchange coefficients from literature are highly scattered 

which is partly due to the difference in sample type (single crystal or polycrys-

talline), sample density, temperature window, and oxygen partial pressure. The 

aim of this study is to provide better understanding of the oxygen exchange 

kinetics of LSC is through a systematic investigation using the pulse-response 

18
O-

16
O isotope exchange (PIE) technique [19, 20]. The effect of strontium 

concentration on the oxygen exchange kinetics will be discussed. 

8.2 Experimental 

8.2.1 Sample preparation and analysis 

 La1-xSrxCoO3-δ (x = 0, 0.2, 0.4, 0.5, and 0.7), abbreviated as LC, 80LSC, 

60LSC, 50LSC, and 30LSC, powders were prepared by employing a glycine 
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nitrate process using metal nitrate precursors. All samples were calcined in air 

at 950-1000 ºC for 10 h to obtain a pure phase. The 50LSC powder composi-

tion, prepared by spray pyrolysis, was directly obtained from Praxair Inc. 

(USA). The as calcined and received powders were uniaxially pressed at 25 

MPa into a pellet, followed by cold isostatic pressing at 400 MPa, and then 

sintered at 1150 ºC in air. The sintered pellets were crushed into coarse pow-

ders, sieved with a 120 mesh metal grid. The sieved powders were annealed in 

air at 950 ºC for 10 h, and then sieved again with a 120 mesh metal grid to re-

move agglomerates. The phase purity was examined by X-ray diffraction 

(PANanalitical PW1830). The lattice parameters were obtained using FullProf 

program [21]. The particle size and BET surface area measurements were con-

ducted using a Mastersizer 2000 (Malvern Instruments) and a Gemini VII (Mi-

cromeritics), respectively. 

8.2.2 Pulse-response 
18

O-
16

O isotope exchange measurements 

 Pulse-response isotope exchange (PIE) measurements were performed 

from 300 to 600 ºC in synthetic air using a continuous flow packed-bed micro-

reactor. During the measurement, the sample powder was loaded in the center 

of the quartz tubular reactor with inner diameter 2 mm. Quartz wool plugs 

were used on both sides of the powder to secure the packed-bed. The length 

and mass of the packed-bed were typically in the range of 8-10 mm and 30-60 

mg, respectively. 
16

O2 with Ar was used as carrier gas and fed through the re-

actor with a total flow rate of 50 ml min
-1

 (NTP). The response to a 
18

O2/N2 

pulse, with the same oxygen partial pressure, passing through the reactor was 

analyzed by on-line mass spectrometry (Omni Star TM GSD 301 Pfeiffer-

Vacuum) at the exit of the reactor. A six-port valve with a 500 μl sample loop 

was used for injection of the 
18

O2/N2 pulse into the 
16

O2/Ar gas flow stream. 

Oxygen isotope gas was purchased from Cambridge Isotope Laboratory (> 97 
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atom% 
18

O2). Nitrogen, used as diluent for the 
18

O2 gas, was also used for in-

ternal calibration of the mass spectrometer. The mean residence time of the 

reactor varied between 10 and 30 ms, depending on temperature. The packed-

bed was pre-treated at 850 ºC in synthetic air to remove adsorbed water and 

CO2, and cooled down to 50 ºC before start of the measurement. After the pre-

treatment, the measurements were performed in synthetic air as a function of 

temperature. The packed-bed reactor was equilibrated for 0.5 h at each tem-

perature before the data acquisition. Averaged values of three pulse experi-

ments at given temperature and pO2 were used for evaluating the surface ex-

change rate.  

 The overall surface exchange rate, 0 (mol O m
-2 

s
-1

), is calculated from 

[19, 20]  

 

18

g,i

0 18

r g,e

ln
τ

 
   

 
 

fn

S f
 (8.1) 

where 
18

g,if  and 
18

g,ef  are the 
18

O isotope fractions in the pulse at the inlet and 

exit of the reactor, respectively, n is the total number of oxygen atoms in the 

free volume of the oxide packed bed, S the total surface area of the oxide pow-

der, and rτ  the average residence time of the labeled gas in the reactor. 
18

gf  is 

calculated from the measured pulse integral values of the isotope fractions 

with mass 36 and 34: (
18 34 36

g g g0.5f f f  ) at the exit of the reactor. 0 is a 

lumped parameter and can be broken down, assuming a two-step consecutive 

mechanism for the exchange reaction, into  

 a i
0 a

a i

p
 

   
 

 (8.2) 
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where a and i are the rates of oxygen dissociative adsorption and incorpora-

tion, respectively. The quantity p is calculated from 

2

2

36 18 36 18r r
g,e g,i , g,i1

u u2

2(1 ) (1 )
exp( ) exp( )

1 2
(1 2 )

g i

p p
f f f f

p p
p

  
                          

 (8.3) 

where 
u 0/n S   . Under the equilibrium conditions maintained during the 

isotope exchange experiments, p corresponds to the fraction of dissociatively 

adsorbed oxygen atoms that are successfully exchanged with oxygen from the 

oxide. More details of the pulse isotope exchange experiments and theory are 

given elsewhere [19, 20]. 

8.3 Results and discussion 

 The X-ray diffraction patterns confirmed that all investigated LSC pow-

ders have a single-phase perovskite structure. Lattice parameters, particle size 

(d50), and BET area are summarized in Table 8.1. The lattice parameters agree 

well with values from literature [22].  

 Fig. 8.1 shows 
18

O2 and 
18

O
16

O peaks measured for LC, 80LSC, 40LSC, 

50LSC, and 30LSC. The 
18

O2 and 
18

O
16

O peaks at 50 
o
C, as shown in Fig. 8.1 

(a)-(b), are used to calculate the 
18

O fraction at the inlet of the reactor. The 

18
O2 peak decreases with increasing temperature due to the uptake of 

18
O by 

the oxide. The significant tailing of the 
18

O
16

O peak is found for all LSC com-

pounds at elevated temperatures, resulted from 
18

O
16

O release by the oxide due 

to the recombination of exchanged 
18

O with 
16

O in the oxide. Due to this se-

vere peak trailing, as shown in Fig 8.1 (a)-(b), integration of the 
18

O
16

O peak 

area for LC and 80LSC becomes very inaccurate. Hence, it is not possible to 

evaluate the 
18

O uptake by LC and 80LSC. This observation indicates that only 

few 
16

O at the surface layers are available for the oxygen exchange due to the 
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poor oxygen exchange capacity of LC and 80LSC, which can be deducted 

from the short diffusion lengths of LC (~18 nm at 700 
o
C) [11] and 80LSC 

(~60 nm at 600 
o
C) [17] compared with their particle sizes. The diffusion 

length is estimated using 
*6D t , where D* is the tracer diffusion coefficient 

and t the duration time of 
18

O2 pulse. LC and 80LSC are excluded from further 

discussion due to their poor oxygen exchange capacity. When the diffusion 

length is smaller than the particle size, exchanged 
18

O atoms will remain only 

in the layers close to the surface. Contrary to LC and 80LSC, much smaller 

18
O

16
O signals are found for 60LSC, 50LSC, and 30LSC as shown in Fig. 8.1 

(c). Particle sizes of 60LSC, 50LSC, and 30LSC are comparable with or 

smaller than their diffusion length (2-10 µm at 600 
o
C) [16-18], hence, all 

16
O 

in the 60LSC, 50LSC, and 30LSC are available for the oxygen exchange reac-

tion due to their sufficient oxygen exchange capacity.  

 

Table 8.1 Lattice parameters, median particle size (d50), and BET area of  

La1-xSrxCoO3-δ. 

 

Compound 

(preparation method) 

Abbreviate Lattice parameter 

(Å) 

d50 

(µm) 

BET area 

(m
2
 g

-1
) 

LaCoO3-δ 

(GNP) 

LC a = 5.4650 (1) 

c = 13.111 (2) 

2 0.367 (1) 

La0.8Sr0.2CoO3-δ 

(GNP) 

80LSC a = 5.4347 (9) 

c = 13.164 (2) 

3 0.621 (3) 

La0.6Sr0.4CoO3-δ 

(GNP) 

60LSC a = 5.4241 (8) 

c = 13.195 (5) 

2 0.572 (2) 

La0.5Sr0.5CoO3-δ 

(SP) 

50LSC a = 5.4268 (8) 

c = 13.237 (3) 

2 0.626 (15) 

La0.3Sr0.7CoO3-δ 

(GNP) 

30LSC 

 

a = 3.8352 (7) 

 

3 0.289 (4) 

La0.3Sr0.7CoO3-δ 

(GNP, as calcined ) 

  

 

0.7 0.886 (11) 

Preparation method: Glycine nitrate process (GNP) and spray pyrolysis (SP). 
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Figure 8.1 Mass spectroscopic data for (a) LC, (b) 80LSC, and (c) 60LSC, 50LSC, 

and, 30LSC at 400 
o
C from pulse-response isotopic exchange measurements.  

 

 Experimental data from PIE measurements in air for oxygen isotope frac-

tions of 40LSC, 50LSC, and 30LSC are shown in Fig. 8.2 as a function of 

temperature. The 
18

O in the gas phase is exchanged for 
16

O in the oxide, giving 

rise to the formation of 
18

O
16

O and 
16

O2. The 
18

O
16

O fractions reach a maxi-

mum, 49% at 450 ºC, 30% at 425 ºC, and 10% at 375 ºC for 40LSC, 50LSC, 

and 30LSC, respectively, decreasing with increasing temperature thereafter. 

The 
18

O
16

O formation is more relevant at lower strontium concentrations. The 

distribution of three oxygen isotopomers (
18

O2, 
18

O
16

O, and 
16

O2) allows to 

study the mechanism of the oxygen exchange reaction. This is further dis-

cussed below. 
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Figure 8.2 Oxygen isotope fractions (
18

O2, 
18

O
16

O, and 
16

O2) as a function of tem-

perature from PIE measurements in synthetic air for (a) 60LSC, (b) 50LSC, and (c) 

30LSC. The drawn line is from model calculations, assuming constant activation 

energies for the dissociative adsorption and incorporation rate over the entire tem-

perature range.  

 

 Fig. 8.3 show Arrhenius plots of the exchange rate (0) for 80LSC, 

40LSC, 50LSC, and 30LSC from PIE measurements. The 0 of LSC increases 

with increasing strontium content in agreement with observation by Berenov et 

al. [18]. In the temperature range of 350 to 400 ºC, the oxygen nonstoichiome-

try (δ) of 50LSC and 30LSC is in the range of 0.04 to 0.07, in contrast to stoi-

chiometric 60LSC (δ ~ 0) [2, 3, 22]. Hence, a possible explanation of the 0 

enhancement with strontium is that it is due to an increase in the oxygen va-

cancy concentration. Activation energies for 60LSC, 50LSC, and 30LSC are 
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112 (5), 114 (1), and 114 (4) kJ mol
-1

, respectively. The observed 0 of both 

calcined and crushed 30LSC powders are in good agreement. 

 

Figure 8.3 Overall surface oxygen exchange rate (0) for 60LSC, 50LSC, and 

30LSC as a function of inverse temperature in synthetic air.  

 

 The dissociative adsorption (a) and incorporation (i) rates are calculat-

ed from Eqs. (8.2) and (8.3). Fig. 8.4 shows the overall exchange rate (0), the 

rate of dissociated adsorption (a), and incorporation (i) of 60LSC, 50LSC, 

and 30LSC at 350 and 400 ºC. The incorporation of adsorbed 
18

O atoms (i) is 

the rate limiting step in the oxygen exchange reaction for 60LSC, whereas the 

dissociative adsorption (a) is the rate determining step for 50LSC and 30LSC. 

As Fig. 8.2 shows, the formation of the 
18

O
16

O fraction is significantly smaller 

for 50LSC and 30LSC than for 60LSC, which leads to the different rate de-

termining steps. Ananyev et al. [23] have investigated the oxygen exchange 

kinetics on LSC with varying strontium content using in-situ gas phase analy-

sis during 
18

O-
16

O isotope exchange at 700 ºC. When the strontium content of 
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LSC increases, fractions of the first and third exchange type [24] decrease and 

increase, respectively, while that of second exchange type shows little varia-

tion. This observation supports the idea that, with increasing strontium content, 

the incorporation rate of dissociated oxygen atom is increasing faster than the 

dissociative adsorption rate of oxygen molecules , which is in agreement with 

this study. 

 

Figure 8.4 The overall exchange (0), dissociated adsorption (a) and incorpora-

tion rate (i) for (a) 60LSC, (b) 50LSC, and (c) 30LSC at 350 and 400 ºC. 

 

 Fig. 8.5 shows the comparison of 0 between PIE and data collected from 

literature for 60LSC, 50LSC, and 30LSC. The surface exchange coefficient, ks 

(cm s
-1

), was calculated using 0 = kscO equation, where cO is the concentration 

of oxygen ions in the oxide. The data obtained for 50LSC show reasonable 
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agreement, whereas the 0 for 60LSC and 30LSC exhibit activation energies 

from PIE measurements that differ significantly from literature values.  

 

Figure 8.5 Comparison of the oxygen surface exchange rate, 0, for (a) 50LSC, (b) 

60LSC, and (c) 30LSC obtained by pulse isotopic exchange measurements (PIE) 

with those from previous studies on dense ceramic samples using isotopic exchange 

followed by depth profiling (IEDP) [16-18] and electrical conductivity relaxation 

(ECR) [25, 26]. 

 

The 0 show also values that are about 1-2 orders of magnitude higher than 

data from isotope exchange, followed by depth profiling [16-18], and electrical 

conductivity relaxation [25, 26]. 0 values obtained in this study and those 

from literature for 60LSC and 30LSC are differ largely. This could be associ-
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ated with the difference in the sample preparation, surface composition, mor-

phology, and measurement technique. Further investigation needs to be con-

ducted to trace the origin of discrepancy.  

8.4 Conclusions 

 We have examined the exchange rate of La1-xSrxCoO3-δ as a function of 

strontium content and temperature. The following facts are summarized. 

1. The overall exchange rate of La1-xSrxCoO3-δ (x = 0.4, 0.5, 0.7) in-

creases with strontium concentration, while the activation energies 

are almost identical. 

2. Calcined and crushed La0.3Sr0.7CoO3-δ powders have comparable ex-

change rate. 

3. The rate determining step for the oxygen exchange reaction on 

La0.6Sr0.4CoO3-δ is the incorporation of dissociated oxygen atoms, 

whereas for La0.5Sr0.5CoO3-δ and La0.3Sr0.7CoO3-δ it is the dissociative 

adsorption of oxygen molecules. 
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9.1 Introduction 

 This chapter provides some recommendations for further research based 

on the findings of this thesis.  

9.2 Stability of alkaline-earth doped perovskite oxides in CO2-

containing atmospheres 

 

Figure 9.1 CO2-temperature programmed desorption profiles of BSCF, BSCFZ3, 

and BSCFN10. Data are normalized to the total BET surface area of the powders. 

 

 Experimental studies on perovskite-type oxides Ba0.5Sr0.5Co0.8Fe0.2O3-δ 

(BSCF), 3 mol% Zr-substituted BSCF (BSCFZ3), and 10 mol% Nb-

substituted BSCF (BSCFN10) were presented in Chapter 2 and 3 of this thesis. 

Fig. 9.1 shows corresponding temperature programed desorption (TPD) pro-

files recorded after exposure to CO2 at 700 
o
C for 2 h. As seen from this figure, 

for all three compositions the onset temperature of decarbonation occurs at 

~600 
o
C. A noticeable observation is further that two peaks are apparent in 

each of the TPD diagrams, suggesting the step-wise decomposition of possibly 
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formed mixed (Ba,Sr) carbonates. Disregarding differences in the peak shapes, 

the integrated TPD peak areas indicate that distinctly less carbonates are 

formed during CO2 exposure of BSCFZ3 and BSCFN10 (50% and 35%, re-

spectively), relative to parent BSCF. This observation suggests that partial 

substitution of (Co,Fe) by redox-stable cations (i.c., Zr, Nb) reduces exsolution 

of BaO and/or SrO from the perovskite lattice during CO2 exposure, leading to 

formation of an alkaline-earth-deficient and/or decomposed perovskite phase, 

and to formation of carbonates at the surface. Similar observations have been 

reported in literature upon Ti- and Ta-substitution for (Co,Fe) in 

SrCo0.8Fe0.2O3-δ [1, 2], and Zr-substitution for Ce in BaCeO3 [3, 4], which sub-

stitutions were made to enhance the CO2 tolerance of these materials.  

 Some simple calculations of the phase stability of alkaline-earth doped 

perovskite phases in CO2-containing atmospheres were performed. Corre-

sponding results are presented in Fig. 9.2. The lines in this figure indicate the 

partial pressure of CO2, separating the diagram of log(pCO2) versus reciprocal 

temperature into existence regions of  the alkaline earth oxide, AO, (i) either 

with specified activity, aAO, dissolved into the perovskite oxide lattice (oxide), 

or (ii) in carbonated form, ACO3 (carbonate). The calculations were per-

formed on the basis of literature data for the equilibrium dissociation pressure 

of alkaline earth carbonates, according to reaction,  

 2 3AO+CO ACO  (9.1) 

where A = Ba, Sr, and Ca. [5, 6]. Hence, the line with aAO = 1 corresponds 

with the equilibrium partial pressure of CO2 for the coexistence of AO and 

ACO3
†
. The graph clearly illustrates that the stability region of the alkaline-

                                                      
† The equilibrium pressure of CO2 for the coexistence of alkaline-earth oxides and carbonates 

are i) log (pCO2(atm)) = 7.704-13121/T for Ba, ii) log (pCO2(atm)) = 8.340-12275/T for Sr, and 

iii) log (pCO2(atm)) = 7.526-8792.3/T for Ca. 
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earth containing perovskite phase increases in the sequence Ba < Sr < Ca, and 

with decreasing activity of AO in the perovskite phase. With regard to the lat-

ter, more systematic research needs to be done to clarify which factors, com-

prising, amongst others, A-site cation deficiency, Goldschmidt tolerance factor, 

oxygen nonstoichiometry, A-O and B-O binding energies of A-O and B-O 

bonds, and ionic potential (or basicity) of dopant cations, determine the alka-

line earth oxide, AO, activity in the perovskite oxide, and, hence, the stability 

of alkaline-earth doped perovskite oxides in CO2-containing atmospheres. 

 

Figure 9.2 Thermodynamic stability domain of ACO3 (carbonate) versus AO (ox-

ide, i.e., dissolved in the perovskite oxide phase): A = Ba (green), Sr (blue), and Ca 

(red). Activities of the alkaline earth oxide, aAO, used in calculation are indicated. 

Horizontal lines correspond to pure CO2 (pCO2 = 1 atm) and ambient air (pCO2 = 

3×10
-4

 atm).  
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9.3 Oxygen surface exchange kinetics 

 Below, some recommendations are given to arrive at an improved under-

standing of the kinetics of oxygen surface exchange on solid oxide ion con-

ducting materials. 

 To date, there is still a lack of understanding how the chemical nature, 

structure and morphology of the oxide surface affect the surface exchange ki-

netics. Segregation of dopants and impurities might occur in grain boundaries, 

but also at the surface exposed to the gas phase. Segregation may induce phase 

separation once the solid solubility limit is exceeded. In addition, crystallo-

graphic plane orientations and surface terminations might influence the ex-

change kinetics. These phenomena clearly emphasize the need for a thorough 

characterization of the oxide surface to aid interpretation of experimental data 

on oxygen surface exchange. In particular, measurements of the surface prop-

erties under operando conditions are considered to be relevant to improve cur-

rent understanding of the oxygen exchange kinetics. A few methods that have 

attracted attention of the author are mentioned below. 

 Both X-ray photoelectron spectroscopy (XPS) and low energy ion scatter-

ing (LEIS) offer unique opportunities to investigate the chemical composition 

of the outermost surface [7, 8]. In general, however, the operating conditions 

of conventional XPS and LEIS are ultra-high vacuum (UHV, absolute pres-

sures below 10
-12

 atm) at room temperature, which is far from the real operat-

ing conditions of oxide-ion conducting materials. Recently, Backhaus-Ricoult 

et al. [9] demonstrated the use of in-situ synchrotron-based XPS measurements 

combination with electrochemical impedance spectroscopy to study operation 

of La1-xSrxFeO3- in electrochemical NOx sensors at elevated temperature and 

ambient pressure. 
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 The diffraction of either photons, electrons, or neutrons is one of the most 

powerful methods for investigation of the surface structure. Surface diffraction 

patterns show a symmetry reflecting that of the surface structure. The methods 

can be used for in-situ determination of the atomic structure of adsorbed layers, 

surface reconstruction and relaxation, and buried interfaces of catalysts under 

real operating conditions [10, 11]. Hendriksen et al. [12] studied the surface 

reconstruction of Pd metal catalysts during catalytic CO oxidation by means of 

time-resolved surface X-ray diffraction combined with in-situ mass spectrome-

try. It was found that the formation of a PdO layer on the surface of Pd metal 

promotes CO oxidation to CO2.  

 Humidity of the gas phase has been claimed either to have a beneficial [13] 

or detrimental [14-16] effect on rate of surface oxygen exchange. A systematic, 

in-situ study on the effect of the ambient relative humidity on surface ex-

change might resolve apparent conflicts. Application of the pulse-response 

isotopic exchange (PIE) technique as exploited in this PhD work to study the 

surface exchange behavior of various oxide ionic and mixed ionic-electronic 

conductors is considered to be highly appropriate to conduct such investiga-

tions.   

 A major advantage of PIE is that the technique allows rapid assessment of 

the oxygen exchange rate. The residence time of the gas phase within the con-

tinuous flow reactor is in the range 10-40 ms. Other 
18

O-
16

O isotope exchange-

based techniques have much longer equilibration or exposure times, which 

may vary from minutes to hours. Still, the time scale of PIE measurements is 

not congruent with that of elementary acts during the exchange reaction, typi-

cally, these proceed on the time scale of femtoseconds or even picoseconds 

[17].  To investigate the elementary molecular processes during oxygen ex-

change fast spectroscopic techniques are required. Reference may be made to 

the work of Ahmed H. Zewail ‘for his studies of the transition states of chemi-
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cal reactions using femtosecond spectroscopy’, which was awarded with The 

Nobel Prize in Chemistry 1999 [18]. 
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Summary 

 The application of mixed ionic-electronic conducting oxides as oxygen 

separation membrane for the production of oxygen offers significant ad-

vantages over conventional cryogenic distillation. Perovskite- and fluorite-type 

oxides are promising candidates for such application. The research described 

in this thesis is mainly focused on i) crystal chemistry and phase stability of 

either Zr- or Nb-substituted Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), and those of the 

parent perovskite phase, and ii) oxygen surface exchange kinetics of selected 

perovskite- and fluorite-type oxides. 

 Chapter 1 provides an introduction of fundamental aspects, and describes 

relevant developments in the field of research. In Chapter 2, the cubic-to-

hexagonal phase transition occurring in BSCF, at temperatures below 825 ºC, 

is probed by means of electrical conductivity relaxation experiments.  Both the 

surface exchange and chemical diffusion coefficients derived from the data of 

measurements are found to decline with time during long-term (332 h) anneal-

ing, at 800 ºC, in pure oxygen. It is further demonstrated that the phase trans-

formations are suppressed by partial substitution of 3 mol% Zr for (Co,Fe), 

thereby preserving the excellent oxygen transport properties of the parent 

BSCF phase. 

 Chapter 3 examines the phase stability, thermal expansion, electrical 

conductivity, and oxygen permeation behavior of perovskite-type oxides with 

composition Ba0.5Sr0.5(Co0.8Fe0.2)1-xNbxO3-δ (x = 0-0.2). Long-term annealing 

experiments in either flowing air or nitrogen, at 750 ºC, demonstrate that the 

cubic-to-hexagonal phase transformation in BSCF can be suppressed by partial 

substitution of Nb for (Co,Fe). The latter is already found for 5 mol% Nb, 

which corresponds to the minimum level of substitution in the present study. 
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The partial substitution by redox-inactive Nb cations results in decreasing val-

ues for the electrical conductivity and thermal expansion. The oxygen permea-

tion flux exhibited by 10 mol% Nb-substituted BSCF, in the range 800-900 ºC, 

is reduced by 10% relative to that found for parent BSCF. However, when in 

similar experiments pure CO2 is used as the sweeping gas, rather than inert 

helium, the oxygen flux drops instantaneously to a negligible value.  

 In Chapter 4, in-situ neutron powder diffraction is used to determine the 

crystal structures of 3 mol% Zr-substituted BSCF and 10 mol% Nb-substituted 

BSCF. Rietveld analysis of the diffraction patterns, recorded in the tempera-

ture range 27-900 ºC, demonstrates that 3 mol% Zr-substituted BSCF exhibits 

cubic symmetry with space group Pm 3 m, whereas 10 mol% Nb-substituted 

BSCF adopts an orthorhombic structure with space group Pnma. Relative to 

parent BSCF, the thermal expansion coefficient of 10 mol% Nb-substituted 

BSCF has decreased by ~30%, while that of 3 mol% Zr-substituted BSCF has 

remained almost similar. 

 In Chapters 5-8, the oxygen surface exchange kinetics of selected oxides 

is explored using the 
18

O-
16

O pulse isotope exchange (PIE) method. As de-

scribed in Chapter 5, the surface exchange rate exhibited by the fluorite-type 

25 mol% erbia-stabilized bismuth oxide is comparable to those of perovskite-

related oxides La0.8Sr0.2CoO3-δ and La2NiO4. The exchange kinetics is limited 

by the dissociative adsorption of oxygen. Electronation of superoxide ions 

( 2O ) at the surface is suggested to be the rate-limiting step for oxygen ex-

change.  

 The oxygen surface exchange kinetics of mixed conducting perovskite 

oxides SrTi1-xFexO3-δ (x = 0, 0.01, 0.05, 0.35, 0.5) is investigated in Chapter 6. 

The exchange rate is found to increase with increasing iron mole fraction until 

at saturates at the highest values of x. The increase of the exchange rate with x 

in SrTi1-xFexO3-δ is concomitant with corresponding increases of the electronic 
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and ionic conductivities. At 600 ºC, an almost linear relationship is found be-

tween the exchange rate and oxide ionic conductivity. Corresponding data for 

perovskite-type oxides SrTi1-xFexO3-δ, Ba0.5Sr0.5Co0.8Fe0.2O3-δ, 

La0.6Sr0.4Co0.2Fe0.8O3-δ, La0.6Sr0.4CoO3-δ, and Sm0.5Sr0.5CoO3-δ are found to co-

incide with this relationship. The observation suggests that it is the magnitude 

of the oxide ionic conductivity that governs the rate of oxygen surface ex-

change. Two different reaction schemes are employed to interpret the observed 

distribution of oxygen isotopomers (
18

O2, 
16

O
18

O, and 
16

O2) in the effluent 

pulse.  

 Chapter 7 presents data of PIE measurements on 20 mol% rare-earth ox-

ide-doped ceria, RE0.2Ce0.8O2-δ (RE = Gd, Sm, Pr, Tb), in the range of tempera-

ture 500-950 ºC and oxygen partial pressure 0.1-0.95 atm. Gd0.2Ce0.8O2-δ, 

Sm0.2Ce0.8O2-δ, and Pr0.2Ce0.8O2-δ show similar exchange rates, while that of 

Tb0.2Ce0.8O2-δ is about one order of magnitude lower. No apparent relationships 

are found between the exchange rates and either the ionic, electronic or ambi-

polar conductivity. It is shown that dissociative adsorption of oxygen mole-

cules is the rate-determining step for oxygen surface exchange on 

RE0.2Ce0.8O2-δ.  

 Chapter 8 represents a study towards oxygen surface exchange on perov-

skite-type oxides La1-xSrxCoO3-δ (x = 0, 0.2, 0.4, 0.5, 0.7). PIE measurements 

are conducted under synthetic air in the temperature range of 300-600 ºC. Poor 

exchange rates are found for LaCoO3-δ and La0.8Sr0.2CoO3-δ. The measurements 

for these compounds are complicated due to significant 
18

O-accumulation at 

the surface. The exchange rate is found to increase with increasing x in La1-

xSrxCoO3-δ. Analysis shows incorporation of oxygen adatoms in the oxide lat-

tice to be the rate-determining step for oxygen surface exchange on 

La0.6Sr0.4CoO3-δ, while dissociative adsorption of oxygen molecules is found to 

be rate-determining for La0.5Sr0.5CoO3-δ and La0.3Sr0.7CoO3-δ. 
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 Finally, some recommendations for further research are provided in 

Chapter 9. More research is needed towards i) the factors governing the sta-

bility of alkaline-earth doped perovskite-type oxides in CO2-containing atmos-

pheres, and ii) oxygen surface exchange kinetics on oxide ion conductors. 

With regard to the latter, in particularly, the use of operando methods is rec-

ommended. 
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Samenvatting 

 De toepassing van gemengd ionen-elektronen oxiden als zuurstofschei-

dend  membraan voor de productie van zuurstof biedt aanzienlijke voordelen 

ten opzichte van conventionele cryogene destillatie. Perovskiet- en fluoriet-

type oxiden zijn veelbelovende kandidaten voor deze toepassing. Het onder-

zoek beschreven in dit proefschrift is voornamelijk gericht op i) kristalchemie 

en fasestabiliteit van Zr- dan wel Nb-gesubstitueerd Ba0.5Sr0.5Co0.8Fe0.2O3-δ 

(BSCF), en die van de oorspronkelijke perovskietfase, en ii) kinetiek van de 

zuurstofuitwisseling aan het oppervlak van geselecteerde perovskiet- en fluor-

iet-type oxiden. 

 Hoofdstuk 1 geeft een introductie van fundamentele aspecten en be-

schrijft relevante ontwikkelingen in het veld van onderzoek. In Hoofdstuk 2 

wordt de faseovergang van kubisch naar hexagonaal optredend in BSCF bij 

temperaturen lager dan 825 °C bestudeerd door middel van elektrische gelei-

dingsrelaxatiemetingen. Zowel de oppervlakte-uitwisselingscoëfficiënt als de 

chemische diffusiecoëfficiënt, die beide uit de gegevens van de metingen kun-

nen worden afgeleid, nemen af tijdens langdurig (332 uur) temperen bij 800 °C 

in zuivere zuurstof. Voorts wordt aangetoond dat de faseovergang kan worden 

onderdrukt door partiële substitutie van 3 mol% Zr voor (Co,Fe), waarbij de 

excellente zuurstoftransporteigenschappen van het oorspronkelijke BSCF be-

houden blijven. 

 Hoofdstuk 3 bestudeert de fase-stabiliteit, thermische uitzetting, elektri-

sche geleiding, en gedrag van de zuurstofpermeatie van perovskite-type oxiden 

met de samenstelling Ba0.5Sr0.5(Co0.8Fe0.2)1-xNbxO3-δ (x = 0-0.2). Langdurig 

temperen in stromende lucht of stikstof, op 750 °C, laat zien dat de overgang 

van de kubische naar de hexagonale fase in BSCF onderdrukt kan worden door 

partiële substitutie van Nb voor (Co,Fe). Dit laatste treedt reeds op bij 5 mol% 
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Nb, welke waarde overeenkomt met de minimum substitutie in de uitgevoerde 

studie. De partiële substitutie van redox-inactieve Nb kationen leidt tot afne-

mende waarden voor de elektrische geleidbaarheid en thermische uitzetting. 

De flux ten gevolge zuurstofpermeatie gevonden voor 10 mol% Nb-

gesubstitueerd BSCF in het temperatuurgebied 800-900 °C is met 10% afge-

nomen ten opzichte van die van het ongesubstitueerde BSCF. Wanneer echter 

tijdens gelijksoortige experimenten zuiver CO2 gebruikt wordt als spoelgas, 

anders dan inert helium, daalt de zuurstofflux instantaan naar een verwaar-

loosbare waarde. 

 In Hoofdstuk 4 wordt in-situ neutronen-poederdiffractie gebruikt om de 

kristalstructuren te bepalen van 3 mol% Zr-gesubstitueerd BSCF en 10 mol% 

Nb-gesubstitueerd BSCF. Rietveld analyse van de diffractiepatronen, opgeno-

men in het temperatuurgebied 27-900 °C, laat zien dat 3 mol% Zr-

gesubstitueerde BSCF kubische symmetrie heeft met ruimtegroep Pm 3 m, 

terwijl 10 mol% Nb-gesubstitueerd BSCF een orthorhombische structuur heeft 

met ruimtegroep Pnma. Ten opzichte van het ongesubstitueerde BSCF is de 

thermische uitzettingscoëfficiënt van 10 mol% Nb-gesubstitueerde BSCF met 

~ 30% afgenomen, terwijl die van het 3 mol% Zr-gesubstitueerde BSCF nage-

noeg gelijk gebleven is. 

 In Hoofdstukken 5-8 wordt de uitwisselingskinetiek van zuurstof aan het 

oppervlak van geselecteerde oxiden onderzocht met behulp van de 
18

O-
16

O 

puls-isotopenuitwisselingsmethode (Pulse isotopic exchange, PIE). Zoals be-

schreven in Hoofdstuk 5, de uitwisselingsnelheid van de fluoriet-type 25 mol% 

erbia-gestabiliseerd bismuthoxide is vergelijkbaar met die van de perovskiet-

gerelateerde oxiden La0.8Sr0.2CoO3-δ and La2NiO4. De uitwisselingskinetiek 

wordt beperkt door de dissociatieve adsorptie van zuurstof. Verondersteld 

wordt dat de elektronenoverdracht naar superoxide-ionen ( 2O ) aan het opper-

vlak de snelheidsbepalende stap is in de zuurstofuitwisseling. 
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 De kinetiek van zuurstofuitwisseling aan het oppervlak van gemengde 

geleidende perovskiet-type oxiden SrTi1-xFexO3-δ (x = 0, 0.01, 0.05, 0.35, 0.5) 

wordt onderzocht in Hoofdstuk 6. De uitwisselingsnelheid neemt toe met een 

toenemende molfractie van ijzer totdat verzadiging optreedt bij de hoogste 

waarden van x. De toename van de uitwisselingsnelheid met x in SrTi1-xFexO3-

δ treedt gelijktijdig op met dienovereenkomstige toenames van de elektroni-

sche en ionogene geleidingsvermogens. Bij 600 ºC wordt een bijna lineair ver-

band gevonden tussen de uitwisselingsnelheid en de zuurstofionengeleiding. 

Corresponderende waarden voor perovskiet-type oxiden SrTi1-xFexO3-δ, 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ, La0.6Sr0.4Co0.2Fe0.8O3-δ, La0.6Sr0.4CoO3-δ, en 

Sm0.5Sr0.5CoO3-δ vallen hiermee samen. De waarneming suggereert dat de mate 

van ionengeleiding bepalend is voor de zuurstofuitwisselingsnelheid. Twee 

verschillende reactieschema's worden gebruikt voor een verklaring van de 

waargenomen verdeling van zuurstofisotopen (
18

O2, 
16

O
18

O en 
16

O2)  in de ef-

fluent puls. 

 Hoofdstuk 7 geeft de resultaten van PIE metingen aan 20 mol% van ceria 

gedoteerd met zeldzame aardoxiden, RE0.2Ce0.8O2-δ (RE = Gd, Sm, Pr, Tb) in 

het temperatuurgebied 500-950 ºC en dat van de zuurstofpartiaalspanning 0.1-

0.95 atm. Gd0.2Ce0.8O2-δ, Sm0.2Ce0.8O2-δ en Pr0.2Ce0.8O2-δ laten vergelijkbare 

uitwisselingsnelheden zien, terwijl dat van Tb0.2Ce0.8O2-δ ongeveer een orde 

van grootte lager is. Er worden geen schijnbare relaties gevonden tussen ener-

zijds de uitwisselingsnelheid en anderzijds de ionogene, elektronische of am-

bipolaire geleiding. Aangetoond wordt dat de dissociatieve adsorptie van zuur-

stofmoleculen de snelheidsbepalende stap is voor de zuurstofuitwisseling aan 

het oppervlak van RE0.2Ce0.8O2-δ. 

 Hoofdstuk 8 betreft een studie naar de zuurstofuitwisseling van perov-

skiet-type oxiden La1-xSrxCoO3-δ (x = 0, 0.2, 0.4, 0.5, 0.7). PIE metingen wor-

den uitgevoerd onder synthetische lucht in het temperatuurgebied 300-600 ºC. 
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Lage waarden worden gevonden voor de zuurstof-uitwisselingsnelheid van 

LaCoO3-δ en La0.8Sr0.2CoO3-δ. De metingen voor deze verbindingen worden 

bemoeilijkt door aanzienlijke accumulatie van 
18

O aan het oppervlak. De uit-

wisselingsnelheid neemt toe met toenemende x in La1-xSrxCoO3-δ. Analyse laat 

zien dat het inbouwen van geadsorbeerde zuurstofatomen in het kristalrooster 

van het oxide de snelheidsbepalende stap is voor zuurstofuitwisseling aan 

La0.6Sr0.4CoO3-δ, terwijl dissociatieve adsorptie van zuurstofmoleculen de snel-

heidsbepalende stap is voor La0.5Sr0.5CoO3-δ en La0.3Sr0.7CoO3-δ. 

 Ten slotte worden enkele aanbevelingen voor verder onderzoek gedaan in 

Hoofdstuk 9. Meer onderzoek is nodig naar i) de factoren die de stabiliteit 

bepalen van perovskiet-type oxiden gedoteerd met aardakalimetalen in CO2-

houdende atmosferen, en ii) de kinetiek van zuurstofuitwisseling aan het op-

pervlak van zuurstofionengeleiders. Wat dit laatste betreft wordt met name de 

toepassing van operando technieken aanbevolen. 
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