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Measuring oxygen surface exchange kinetics on 
mixed-conducting composites by electrical 
conductivity relaxation 

Bobing Hu,a Yunlong Wang,a Zhuoying Zhu,a Changrong Xia,*a Henny J. M. 
Bouwmeester*a,b  

The oxygen release kinetics of mixed-conducting Sr2Fe1.5Mo0.5O6-δ – Sm0.2Ce0.8O2-δ (SFM-
SDC) dual-phase composites has been investigated, at 750 oC, as a function of the SDC phase 
volume fraction using electrical conductivity relaxation (ECR) under reducing atmospheres, 
extending our previous work on the oxygen incorporation kinetics of these composites under 
oxidizing conditions. Gas mixtures of H2/H2O and CO/CO2 were used to control step changes 
in the oxygen partial pressure (pO2) in the range 10-24 – 10-20 atm. At the conditions of the 
experiments, oxygen re-equilibration is entirely controlled by the surface exchange kinetics. A 
model is developed which allows deconvolution of the effective time constant of the relaxation 
process in terms of the intrinsic contributions of the components to oxygen surface exchange 
and synergetic contributions caused by heterogeneous interfaces. The oxygen surface exchange 
kinetics under H2/H2O atmosphere is found to be a weighted average of the intrinsic 
contributions of SFM and SDC phases. No evidence is found for an enhanced exchange rate at 
the SFM-SDC-gas triple phase boundaries (TPB). Synergetic contributions arise under CO/CO2 
atmosphere, enhancing the rate of oxygen surface exchange up to a factor of 2.4. The obtained 
results are discussed in terms of the surface microstructure of the composites from image 
analysis. Overall, the results of this and our previous study confirm that the triple phase 
boundaries in SFM-SDC composites significantly accelerate the oxygen incorporation kinetics 
under oxidizing conditions, but only modestly, or even negligibly, influence the oxygen release 
kinetics under reducing conditions. 
 
 
 

Introduction 

Dual-phase composites consisting of a purely ionic conducting 
oxide and an electronic - or mixed ionic-electronic – conducting 
phase are presently being investigated for use as oxygen 
separation membrane.1,2 Possible applications include 
integration in oxyfuel combustion power generation with CO2 
capture,3-5 and use in membrane reactors for conversion of 
natural gas to syngas6,7 or oxidative dehydrogenation of light 
alkanes.8,9 The difficulty in identifying single-phase mixed-
conducting membranes with high thermochemical stability and 
durability under both oxidizing and reducing conditions, humid 
and/or CO2-containing atmospheres as required in the targeted 
applications has indirectly stimulated the research in composite 

membranes. The investigations run parallel with those in the 
field of solid oxide fuel cells (SOFCs), where such composite 
materials are aimed for use as electrodes to extend the amount 
of active triple phase boundaries (TPB).10,11 An increase of 
length per unit area of electrode increases the number density of 
catalytically active sites, and therefore fuel cell performance. 
Contrary to the electrode, which must be porous to allow 
gaseous species to diffuse to, and from, the reaction sites, the 
composite membrane is sintered to full density to avoid 
unwanted leakage. The functional properties of the membrane 
can be tailored by materials choice, volume fractions and 
microstructure. Obvious prerequisites for use are that the 
membrane must be able to sustain a high oxygen flux and 
possesses a high stability under application conditions.  
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 Previously, we employed the electrical conductivity 
relaxation (ECR) technique to measure the chemical diffusivity 
(Dδ) and the surface exchange coefficient (kδ) of dual-phase 
composites Sr2Fe1.5Mo0.5O6-δ (SFM) - Sm0.2Ce0.8O2-δ (SDC).12 
Whereas SDC is a well-known electrolyte showing promise for 
use in solid oxide fuel cells (SOFCs) operating at moderate 
temperatures,13 the mixed-conducting double perovskite SFM 
has potential for use both as cathode and as anode because of its 
excellent chemical stability in oxidizing and reducing 
environments.10,14-16 The results of ECR measurements in the 
range of oxygen partial pressure (pO2) from 0.01 to 1 atm 
revealed that at all investigated phase volume fractions in the 
composite the relaxation process is entirely controlled by the 
surface exchange kinetics.12 The addition of SDC to the SFM 
phase was found to significantly enhance the rate of oxygen 
incorporation. The results are interpreted to reflect the fast 
oxygen incorporation kinetics at the SFM-SDC-gas triple phase 
boundaries. Similar synergy has been observed for other mixed-
conducting cathode materials by their impregnation or coating 
with oxide electrolyte nanoparticles.17-19  
 The present work builds on our previous study12 by 
extending the ECR measurements on SFM-SDC dual-phase 
composites towards reducing atmospheres. Gas mixtures of 
H2/H2O and CO/CO2 are used to control pO2 steps in the range 
10-24 - 10-20 atm. The observed oxygen release kinetics is 
correlated with the volume fractions of both constituent phases 
in the composites and the associated microstructure. 

Experimental 
Powder of SDC was prepared by the oxalate co-precipitation 
method using high purity cerium and samarium nitrates. 
Powder of SFM was synthesized by a microwave-assisted 
combustion method. Full details of both synthesis routes are 
described in our previous paper.12 Both powders were mixed in 
appropriate proportions by ball milling in ethanol for 2 h. The 
volume fraction of the SDC phase in the powder mixtures 
varied between 0.105 and 0.667. The powder mixtures were 
uniaxially pressed (320 MPa), and sintered in air at 1350 oC for 
5 h to obtain rectangular bars with dimensions of about 20 × 4.8 
× 0.6 mm3. Their density measured by the Archimedes method 
as well as the geometrical density was well above 96% of the 
theoretical one. The surface morphology of the sample bars was 
investigated by scanning electron microscopy (SEM, JSM-
6700F). The length of the TPB and the surface area of both 
constituent phases in the composite were determined using 
Image-Plus software (Media Cybernetics Company). Images 
from at least five different areas of each sample were used to 
obtain average data. 
 For conductivity and ECR measurements, the sample was 
mounted in a quartz tube. Electrical connections to the sample 
were established by silver wires (ø = 0.10 mm). Silver paste 
(Sina-Platinum Metals Co., Ltd) was used to improve the 
contact between the bar specimen and the wires. Conductivity 
measurements were performed, at 750 oC, using the standard 4-
probe dc technique. In ECR experiments, the conductivity was 
measured as a function of time following a step-wise decrease 
in the ambient pO2, which was performed by switching the gas 
stream (a) from room-temperature (~ 3%) humidified 60:40 
H2/Ar (pO2 = 2.6 × 10-23 atm) to humidified pure H2 (pO2 = 9.4 
× 10-24 atm), and from (b) 1:1 CO/CO2 (pO2 = 1.3 × 10-20 atm) 
to 2:1 CO/CO2 (pO2 = 3.4 × 10-21 atm), at a flow rate of 200 ml 
min-1. The flush time of the reactor was less than 1 s. Prior to 

the measurements, the samples were pre-equilibrated for 1 h in 
the gas stream used before gas switching. The experimental 
data were numerically fitted to eqns (1)-(3), 
 

  

g(t) =
σ (t)−σ 0

σ∞ −σ 0

= 1−
2Li

2

βm,i
2(βm,i

2 + Li
2 + Li )m=1

∞

∑ ⋅exp(− t
τ m,i

)
i=x ,y ,z
∏

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   

    (1)                        

  
τ m,i =

bi
2

Dδβm,i
2                                    (2) 

  
Li =

bi

Lc

= βm,i tanβm,i                                     (3) 

where g(t) is the normalized conductivity, σ 0  and σ∞  are the 
conductivities,   σ (t) , at time t = 0 and t = ∞, respectively, kδ is 
the surface exchange coefficient, Dδ is the chemical diffusion 
coefficient, 2bi is the sample dimension along coordinate i, βm,i 
are the non-zero roots of eqn (3), and   Lc = Dδ / kδ  is the critical 
length scale below which oxygen surface exchange becomes 
predominant over bulk oxygen diffusion in determining the rate 
of re-equilibration. Detailed descriptions of the ECR technique 
and the model used for data fitting are given elsewhere.20  

Results and discussion  

Microstructural investigations 

Microstructural investigations of the SFM-SDC composites 
were conducted using SEM, image analysis, and X-Ray 
diffraction. Here, only the main findings are briefly recalled.  

	   	   	  	  	  

	   	   	  	  

	   	   	  
 
Fig. 1 SEM surface images of SFM–SDC composites with different SDC 
phase volume fractions: (a) 0, (b) 0.105, (c) 0.223, (d) 0.353, (e) 0.501, and 
(f) 0.667. 
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Surface SEM micrographs of the composites are shown in Fig. 
1, showing that the grains of both constituent phases are 
homogeneously dispersed. The average grain size increases 
slightly from 1 µm to 1.7 µm for SDC, and decreases from 3 
µm to 1 µm for SFM upon increasing the volume fraction of 
SDC in the composite from 0.105 to 0.667. Neither SEM, nor 
X-ray diffraction patterns of the composite powders or ceramics 
showed evidence of impurity phases. Image analysis of the 
SEM micrographs confirmed that a maximum in the TPB 
length occurs at a SDC phase volume fraction of 0.5, reaching a 
value of around 1.7 × 106 m per unit area (m2). More detailed 
discussions on the microstructure of the composites under 
consideration are given in our previous paper.12 

Electrical conductivity 

Fig. 2 shows the electrical conductivity of SDC-SFM 
composites, at 750 oC, in reducing atmospheres as a function of 
the SDC phase volume fraction. SFM clearly is the constituent 
in the composite with the higher conductivity. Its conductivity 
in humidified 60% H2/Ar (pO2 = 2.6 × 10-23 atm) is 26 S cm-1, 

which is comparable to values reported for the double 
perovskites SrMgMoO6 and SrMnMoO6.21,22 The high degree 
of oxygen nonstoichiometry of SDC under these reducing 
conditions gives rise to predominant n-type conductivity. The 
measured conductivity of 0.4 S cm-1 is in agreement with 

literature data,23 and is higher, by a factor of 4, than the 
reported ionic conductivity of SDC.13 The electrical 
conductivities of SFM and SDC both increase upon lowering 
the pO2 from 1.4 ×10-20 atm to 2.6 ×10-23 atm, as can be inferred 
from Fig. 2. Furthermore, the conductivity of the composite 
expectedly decreases with increasing the volume fraction of 
SDC. Many approaches have been used for evaluation of the 
electrical conductivity of two-phase composite systems, but 
such an analysis was considered beyond the scope of this work.  

Electrical conductivity relaxation 

ECR measurements were carried out to study the oxygen 
release kinetics of SFM-SDC composites in reducing 
environments. Experimental data were acquired, at 750 oC, by 
switching between two H2/H2O (Ar balance), or CO/CO2, gas 
streams with a different pO2. Typical normalized conductivity 
transients measured in the two distinct atmospheres are shown 
in Fig. 3. Attempts to fit the relaxation data of both series to 
eqns 1-3, assuming mixed control of diffusion and surface 
exchange, yielded eigenvalues Li significantly smaller than 
0.03. The results indicate a re-equilibration that is 
predominantly controlled by the surface exchange kinetics.20 
Error plots of Dδ and kδ obtained from fitting showed that for all 
curves the goodness-of-fit, by means of the minimum standard 
error of regression, is invariant to the value of Dδ. Values of kδ 

	  

 kδ 

[m s-1] 

O2 (N2 balance) 
pO2 step = 0.1 atm ➞ 1 atm 

kδ 

[m s-1] 

CO/CO2 
pO2 step = 1.3 × 10-20 atm ➞ 

3.4 × 10-21 atm 

kδ 

[m s-1] 

H2/H2O (Ar balance) 
pO2 step = 2.6 × 10-23 atm ➞ 

9.4 × 10-24 atm 

        SFM (3.7 ± 0.3) × 10-7 [Ref. 12] (6.1 ± 0.5) × 10-7 (2.3 ± 0.3) × 10-6 

        SDC --- (3.4 ± 0.2) × 10-7 (1.6 ± 0.1) × 10-7 

Table 1 Oxygen surface exchange coefficients kδ of pure SDC and SFM measured at 750 oC in different gas environments. Data for SFM measured under 
oxidizing conditions (pO2 step: 0.1 ➞ 1 atm) from our previous work is given for comparison.12 The quoted errors are estimated errors for kδ obtained fitting 
of multiple conductivity transients for a given sample. 
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for the pure SFM and SDC from fitting are listed in Table 1. 
Note that for SFM, kδ is about 3 times larger under the more 
reducing conditions of the H2/H2O experiment than it is under 
CO/CO2. For SDC, however, the opposite trend is observed, 
where it is found that kδ is larger, by a factor of about 2, under 
CO/CO2 atmosphere. A similar trend has been noted for kδ of 10 
mol% Gd-doped CeO2 by Yashiro et al.24 The results indicate 
that, in addition to the pO2, the nature of the gaseous species 
determines the rate of the surface exchange reaction. Due to 
oxygen stoichiometry changes of both constituent phases 
during re-equilibration, as will be discussed below, kδ cannot be 
defined for the composites. The normalized conductivity data 
of the composites were fitted by the exponential time 
dependence,  

  g(t) = 1− exp(−t / τ eff )               (4) 

where  τ eff  is the effective time constant. Eqn (4) is the reduced 
form of eqn (1) (with   τ eff =V / kδ S , where V is the volume, and 
S is the geometrical surface area) when the relaxation process is 
under control of oxygen surface exchange alone. 
 As the electrical conductivity of the SFM phase 
predominates over that of SDC in the composites, it is primarily 
the change in oxygen stoichiometry of SFM that is probed by 
means of ECR. Under the reducing conditions covered by the 
experiments, SFM and SDC both release oxygen during re-
equilibration of the composite with the lower pO2 of the 
ambient after gas switching. It is tacitly assumed that oxygen 
transfer between SFM and SDC phases via internal surfaces 
(i.e., two phase boundaries) is fast relative to the oxygen 
exchange reactions occurring at their gas-exposed surfaces. 
This assumption is validated, albeit indirectly, by the 
observation of surface exchange-controlled relaxation kinetics 
(unless the two-phase boundaries would be entirely blocking 
for oxygen transfer). As a consequence, the relaxation process 
is determined by the rates of the oxygen exchange reaction at 
both SFM and SDC surfaces, and the degree to which both 
materials adapt their oxygen stoichiometry to attain equilibrium 
with the new pO2.   
 Under the assumption of a diffusive equilibrium of ionic 
and electronic charge carriers within the composite, the 
differential mass balance equations for the constituent phases in 
the SFM-SDC composite read (wherein parameters of the SFM 
and SDC phase are designated with and without a prime, 
respectively), 

  
fV V ∂c(t)

∂t
= − fS S k [c(t)− c(∞)]+ ∂n

∂t
             (5) 

  

(1− fV )V ∂ ′c (t)
∂t

=

− (1− fS )S ′k [ ′c (t)− ′c (∞)]− S ′ksyn [ ′c (t)− ′c (∞)]− ∂n
∂t

              (6) 

where V is the total volume, S is the total geometrical surface 
area exposed to the gas phase, whilst fV and fS denote the 
volume and surface area fractions, respectively, k is the intrinsic 
surface exchange coefficient,25 and c(0) and c(∞) are the 
oxygen concentrations, c(t), at time t = 0 and t = ∞, 
respectively. In conformity with our previous work,12 we have 
added a contribution to eqn (6) that may arise from the 

enhancement of the exchange rate at the triple phase 
boundaries. The corresponding exchange coefficient, 

  ′ksyn , has 
been normalized on the total surface area, S (rather than, e.g., 
the length of the TPB). It is further noted that such a 
contribution, which is synergetic to the intrinsic exchange 
reactions at the SFM and SDC surfaces, could equally be added 
to eqn 5. We would then have a fourth possible exchange route 
via which release of oxygen occurs during re-equilibration with 
the gas phase. Assigning a single term to eqn (6) implies that 
the coefficient 

  ′ksyn  is merely a lumped parameter. Oxygen 
concentration changes during the re-equilibration process are 
‘communicated’ between both phases via the term   ∂n / ∂t in 
eqns (5) and (6), which denotes the rate of oxygen transfer via 
internal surfaces to maintain equilibrium.26 Under the usual 
assumption of a linear relationship between electrical 
conductivity and oxygen concentration within the applied pO2 
step change, we have 

  
g(t) = c (t) = c(t)− c(0)

c(∞)− c(0)
              (7) 

noting that   c (t) = ′c (t) . Eqns (5) and (6) can be solved into the 
form of eqn (4) with  

 

1
τ eff

= α
τ
+ (1−α )

′τ
+ (1−α )

′τ syn

              (8) 

where 

  

1
τ
=

fS S k
fV V

; 1
′τ
=

(1− fS )S ′k
(1− fV ) V

; 1
′τ syn

=
S ′ksyn

(1− fV ) V
                    (9) 

and 

  

α =
fV c(∞)− c(0)( )

fV c(∞)− c(0)( ) + 1− fV( ) ′c (∞)− ′c (0)( )

(1−α ) =
1− fV( ) ′c (∞)− ′c (0)( )

fV c(∞)− c(0)( ) + 1− fV( ) ′c (∞)− ′c (0)( )

         (10)  

The latter two quantities denote the fraction of oxygen 
exchanged by SDC and SFM phases, respectively, relative to 
the total amount of oxygen exchanged between the composite 
and the gas phase. Surface exchange coefficients  k  and  ′k  are 
evaluated from data of ECR measurements on the parent 
materials. Eqn (8) enables deconvolution of the observed time 
constant  τ eff  in terms of τ , ′τ , and 

 ′τ syn  
to analyse the 

contribution of the triple phase boundaries (ksyn) to oxygen 
surface exchange. 
 Fig. 4 shows values of  τ eff  extracted from data of ECR 
measurements in the two different gas environments as a 
function of the phase volume fraction of SDC in the dual-phase 
composite. It should be noted that the value of   V / S ≈ b  (half-
thickness) varied within about 4% for the different samples. 
Also plotted in Fig. 4 is  τ calc , which is the calculated time 
constant expected in the absence of a synergetic contribution to 
surface exchange:  1/ τ calc =α / τ + (1−α ) / ′τ . Values of α for a 
for a given pO2 step change (see Experimental) were calculated 
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accord with eqn (10), using corresponding changes in the 
oxygen nonstoichiometry parameter δ of parent SDC and SFM. 
For SDC,  Δδ = 0.0199  and  Δδ = 0.0060  for the applied pO2 
step change under H2/H2O and CO/CO2 atmospheres, 
respectively. By the lack of published data of the oxygen 
nonstoichiometry of SDC, these values were evaluated from 
thermogravimetric data of related 10 mol% Gd-doped CeO2.27 
For SFM, for both pO2 steps  Δδ = 0.032 , which values were 
calculated using thermodynamic parameters derived from data 
of oxygen coulometric titration.28 Fig. 4a shows that for the pO2 
step change under H2/H2O atmosphere, τ eff  

almost coincides 
with  τ calc , indicating a negligible contribution of the SFM-SDC 
heterogeneous interfaces to the oxygen release kinetics. 
Accordingly, the relaxation response is a weighted average of 
the intrinsic contributions of both constituent phases in the 
composite. Different results are obtained for the pO2 step 
change under CO/CO2 atmosphere (Fig 4b), where it is found 
that τ eff < τ calc , suggesting a synergistic contribution to the 
oxygen surface exchange kinetics. 

       

0.0 0.2 0.4 0.6 0.8 1.0
0.8

1.2

1.6

2.0

2.4

2.8

	  

	  

Λ
	  /	  
-‐

f	  
V
	  /	  -  

 
Fig. 5 Exchange rate enhancement factor Λ  as a function of SDC phase 
volume fraction fV in CO/CO2 atmospheres. The parameter Λ  is defined by 
eqn (12). Lines are drawn to guide the eye.  
	  

The oxygen flux,   ℜ(t)  [mol cm-2 s-1], during re-equilibration is 
a function of time. Using eqns (4) and (7), it can be expressed as   

  

ℜ(t) = 1
S
∂m
∂t

= 1
S
∂c (t)
∂t

⋅mtot

= ℜ0 ⋅exp(−t / τ eff )

                                     (11) 

where   ℜ0 = mtot / Sτ eff , and mtot is the total amount of oxygen 
exchanged between the composite and the gas phase once 
equilibrium is achieved. An enhancement factor, Λ , can be 
defined,   

  
Λ =

τ eff

τ calc t=0

                                (12) 

whose ratio expresses the measured oxygen exchange rate, at t 
= 0, relative to the calculated rate in the absence of the 
synergistic contribution (

  ′ksyn ). Corresponding data for the pO2 
step change in CO/CO2 atmosphere are presented in Fig. 5. A 
maximum value for Λ  of 2.4 is observed for the composite 
with SDC volume fraction fV = 0.667. This value is notably 
smaller than the corresponding value derived from data of ECR 
measurements under oxidizing conditions  (pO2 range 0.01 – 1 
atm). Under the latter conditions, the addition of SDC to SFM 
was found to enhance the rate of oxygen incorporation up to a 
factor of ~17.12 The much lower, or even negligible (under 
H2/H2O atmosphere), enhancement of the oxygen release 
kinetics is attributed to the fact that both constituents SFM and 
SDC exhibit appreciable levels of mixed ionic-electronic 
conductivity under the reducing conditions covered by the 
experiments, diminishing the contribution of the TPB on 
overall exchange kinetics. This is in contrast with the situation 
under oxidizing conditions (oxygen incorporation), where 
mixed conductivity is mainly limited to the SFM phase, and the 
oxygen reduction kinetics is significantly enhanced by the 
addition of the electrolyte SDC. In this respect, one may anote 
that, for example, in the composite (La,Sr)MnO3 (LSM) - 
yttria-stabilized zirconia (YSZ) cathode, where electronic and 
ionic conductivities are confined (to a great extent) to separate 

Fig. 4 Experimental (τeff) and calculated (τcalc) time constants of conductivity 
relaxation as a function of SDC phase volume fraction fV in: (a) H2/H2O and 
(b) CO/CO2 atmospheres. Lines are drawn to guide the eye.	   Error bars 
represent the standard error with 95% confidence interval. 
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phases, the oxygen exchange reaction takes place almost 
exclusively at the TPB.29,30 In Fig. 6, the rate parameter  ℜ0  
derived from data of ECR measurements under H2/H2O and 
under CO/CO2 atmospheres is plotted as function of the SDC 
phase volume fraction in the composite. It can be inferred from 
this Fig. that the fastest oxygen release kinetics under 
conditions of H2 oxidation is observed for pure SFM, whilst the 
fastest kinetics under conditions of CO oxidation is found for 
the composite with fV = 0.223. 
 Fig. 7 shows a plot of 

  ′ksyn  
derived from data of ECR 

measurements under CO/CO2 atmosphere versus the length of 
the TPB obtained from image analysis of the SEM surface 
micrographs (Fig. 1). It is immediately clear that no correlation 
emerges between both parameters, and additional factors must 
account for the observed behaviour. As already noted, the 
surface exchange rate is highly dependent on the nature of the 
gaseous species. Assuming, for example, a Mars-van Krevelen 
mechanism31 for the oxidation of CO, the number density of 
preferentially adsorbed CO molecules may enter the rate 
limiting step. Although it is clear from the results of this study 
that heterogeneity may contribute to enhancement of the 
oxygen surface exchange kinetics, more work needs to be done 
to understand the role of the individual components within the 
composite. 

Conclusions 

At given thickness of the samples (~0.6 mm), the oxygen 
release kinetics of SFM-SDC composites under H2/H2O and 
CO/CO2 atmospheres is controlled by the surface exchange 
kinetics. Whilst the effective time constant for equilibration of 
samples to the ambient pO2 under H2/H2O atmosphere is 
determined by a weighted contribution of the surface exchange 
reactions occurring on the gas-exposed surfaces of both 
components in the composite, an enhanced exchange rate 
relative to the intrinsic contributions of the components is 
found when the ECR experiments are carried out under 
CO/CO2 atmosphere. The enhanced exchange rate is attributed 
to synergetic effects caused by the heterogeneous interfaces.  
 The results of this and our previous study12 confirm that the 
triple phase boundaries in SFM-SDC composites significantly 
accelerate the oxygen incorporation kinetics under oxidizing 
conditions, but only modestly, or even negligibly, influence the 
oxygen release kinetics under reducing conditions. 
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