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Abstract 

 

The performances of mixed ionic and electronic conductors is used in many applications, such as 

oxygen transport membranes or electrodes in solid oxide fuel cells. The performances of these systems 

depend mainly on two fundamental parameters including oxygen diffusion (DO) and the oxygen 

exchange coefficient (k). This work focuses on the impact of the oxygen partial pressure on oxygen 

diffusion and surface exchange coefficients of mixed conducting materials, as reported studies are 

scarce in the literature. In this way, two different mixed conducting materials are studied, namely, 

La0.6Sr0.4Fe0.6Ga0.4O3-δ, a perovskite-type material, and the nickelate La2NiO4+δ. The DO and k 

coefficients are determined by a specific oxygen permeation measurement and by the isotopic exchange 

depth profile method.  

 

1. Introduction 

 

Mixed ionic and electronic conducting materials (MIEC) are of great interest with respect to the 

development of Catalytic Membrane Reactors (CMR) as well as oxygen separation (semi-permeation) 

devices. High electronic and ionic conductivities, as well as good kinetics of oxygen surface exchanges, 

are required. Oxygen diffusion (related to the oxide ionic conductivity) and/or oxygen surface exchange, 

characterized by the DO and k coefficients could be the limiting parameters with respect to the 

electrochemical performances of the systems.  

 

DO and k can be determined by 1) designing a specific setup to measure at the same oxygen semi-

permeation flux and the activity gradient at both membrane surfaces and 2) using the so-called IEDP 

(Isotopic Exchange Depth Profile) method coupled with SIMS performed on dense pellets. The oxygen 

partial pressure at the surface of the studied material can be highly different on both faces of the pellet, 

especially in the case of semi-permeation devices, where the pO2 ratio between the oxygen-rich and 

oxygen-lean environments is approximately 104-105. As a consequence, it is of high importance to 

include pO2 as an additional experimental parameter to clearly identify the rate determining steps. The 

data reported in the literature regarding the pO2 dependence of DO or k are scarce. However, most 

electrochemical systems at high temperature operate under a large range of pO2, solid oxide fuels, cells, 

gas sensors, and oxygen transport membranes.  
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In this work, two different MIEC materials are studied. i) The first material is an oxygen deficient 

perovskite, La0.6Sr0.4Fe0.6Ga0.4O3-δ (hereafter called LSFG6464), and ii) the second material, La2NiO4+δ 

(hereafter called LNO), is a Ruddlesden-Popper (n=1)-type compound showing additional oxygen 

species. These two materials show also two different crystal structures and mechanisms of oxygen 

diffusion in order to generalize the results of this paper to other materials. 

 

The DO and k coefficients are independently determined as a function of temperature and oxygen partial 

pressure and compared to data reported in the literature. The values obtained by two methods are 

compared and also discussed in this work. 

2. Experiments 

 

2.1 Staring materials 

 

LSFG6464 and LNO powders were synthesized using the solid-state reaction and the nitrate-citrate 

route, respectively. The oxygen semi-permeation measurements were performed using dense disk 

samples with a thickness of 1 mm and a diameter of 23-24 mm, while the oxygen isotopic exchange 

measurements were performed using dense disk samples with a thickness of 2 mm and a diameter of 

6 mm obtained by a tape casting process. Both materials had a relative density higher than 99% after 

sintering. 

 

2.2 Isotopic Exchange Depth Profile method 

 

The oxygen diffusion coefficient was measured using the Isotope Exchange Depth Profile (IEDP) 

technique, i.e., determining the penetration depth profiles of the oxygen isotope 18O used as a tracer [2]. 

The isotope exchanges between 18O gas and the pellet were performed at 800°C, and the chamber 

volume is approximately 100 cm3. The measured penetration profile can be fitted using a solution for 

Fick’s second law, from which the D* and k* coefficients (*refers to the tracer) can be extracted [2]. 

 

An example of the evolution of the 18O profiles through a La0.6Sr0.4Fe0.6Ga0.4O3-δ (LSFG6464) pellet at 

800°C for two different pO2 values is given in Figure 1. The profile is deeper when pO2 increases. 

 

2.3 Oxygen semi-permeation method 

 

The oxygen semi-permeation measurements were performed using a homemade device described in a 

previous work [1]. It is built with a central reactor where the dense membrane is inserted between two 

chambers with two different oxygen partial pressures. In each chamber, two microelectrodes (gold and 

zirconia tip electrodes) in contact with the surface of the membrane allow the oxygen potential gradients 

between the surface and the gas at the vicinity of the surface to be determined (annex 2). 

 

 



 
Figure 1: Normalized 18O concentration profiles recorded through an LSFG6464 pellet at 800°C for 3600 

s under p = 210 mbar (line-scanning method, black dots) and under p = 21 mbar (imaging mode, blue 

dots). The corresponding fits are added (red lines). 

 



3. Results and Discussion 

 

3.1 Determination of D and k by isotopic exchanges 

 

 
Figure 2: pO2 dependence on a) D* and b) k* of the following mixed conductors: La0.6Sr0.4Fe0.6Ga0.4O3-

δ (LSFG6464) at 800°C, La2NiO4+δ (LNO) at 800°C, La0.7Sr0.3CoO3-δ (LSCo731) at 800°C [3], 

La0.8Sr0.2MnO3-δ (LSMn821) at 1000°C [4] and La0.6Sr0.4CoO3-δ (LSCo641) at 600°C [5]. 

 

Figure 2 shows the data collected in the literature regarding the pO2 dependence on D* and k* for 

exclusively mixed conducting materials. The D* and k* coefficients show very different evolution with 

pO2 for each material. For instance, D* at 800°C for La0.7Sr0.3CoO3-δ (LSCo731) is stable with pO2 while 

D* at 1000°C for La0.8Sr0.2MnO3-δ (LSMn821) increases when the pO2 decreases. It is not possible to 

confirm the general trend of the pO2 dependence on D* and k* from the data collected in the literature. 

However, for most mixed conductors, the k* coefficient decreases significantly with pO2 (one or two 

orders of magnitude from 0.21 to 0.001 atm.), and the D* coefficient shows low variation for high pO2. 

 



In this work, values of D* and k* decrease significantly with pO2, particularly below 0.1 atm. Indeed, the 

IEDP method requires no variation of 18O concentration in the chamber during the isotope exchanges 

at high temperature. This assumption is true if the quantity of 18O orpO2 is large with a large chamber 

volume. Then, when pO2 is lower than 0.1 atm., the concentration of 18O in the chamber decreases 

significantly during the isotope exchanges due to the 18O penetration in the sample. The decrease of 
18O concentration in gas also involves a low penetration of 18O in the sample or an underestimation of 

D* and k* values. As shown in table 1, it is assumed that the quantity of 18O decreases quickly in the 

chamber during the exchange period, as the ratio between 18O moles in the gas and oxygen moles in 

the pellet sample decreases. In optimal conditions, this ratio must be close to or higher than unity; then, 

these conditions are true only when pO2 ≥ 0.1. 

 

pO2 in 18O 

(atm.) 

Quantity of 18O in gas  

(mol) 

(chamber volume=100 cm3) 

Estimated quantity of 18O  

in the pellet (mol)  

after exchange 

Ratio 18O mol (gas) / 18O 

mol in the pellet 

0.21 2.3 10-4 1.3 10-4 1.8 

0.1 1.1 10-4 5 10-5 2.3 

0.02 2.2 10-5 5 10-4 0.05 

0.002 2.2 10-6 3 10-4 0.007 

0.0005 5.6 10-7 2.5 10-4 0.002 

Table 1: Evolution of 18O quantity in the gas in relation to pO2. 

 

3.2 Determination of DO and k by semi-permeation measurements 

 

In the oxygen semi-permeation phenomenon, the diffusion step by volume is usually considered to be 

the limiting step in oxygen transport through a membrane, as described in Wagner’s law. However, the 

measurements obtained with the electrode system in recent works show that the chemical potential of 

oxygen at the surface of the membrane is not in balance with that of the gas at the surface vicinity [1, 

6], as reported in Figure 2.  

 

Thus, Wagner’s law must account for the oxygen chemical potential gradient at the membrane surfaces

)Δμ( surf

O2 , as described in Figure 3. Then, a linear relationship can be established between the oxygen 

flux and the driving forces (or oxygen chemical potential gradient) in bulk and without the contribution of 

oxygen surface exchange, as expected by the use of Wagner’s law [7]. 

 



 
Figure 3: Relationship between the oxygen flux obtained with a) an LSFG6464 perovskite membrane 

and b) an LNO membrane at 800°C and driving forces with and without the contribution of surface 

exchanges.  

 

 

3.2.1 Determination of DO  

 

The LSFG6464 and LNO materials are the predominant electronic conductors [4, 6] because the mobility 

of electronic carriers is generally larger than that of ionic carriers, i.e., e>>ion. Then, Wagner’s law can 

be expressed as equation 1 as follows: 

 

JO2 =
ion
16FL

∆µO2
Bulk

      equation 1 

 



JO2 is the oxygen flux through the membrane 

L is the thickness of the membrane,  

R is the universal gas constant,  

F is Faraday’s constant, 

ion is ionic conductivity. 

∆µO2
Bulk corresponds to gradient of oxygen chemical potential through the bulk of membrane 

 

The Nernst-Einstein relationship (equation 2) can express the ionic conductivity under a pO2 gradient 

based on the average values of both the chemical diffusion coefficient of oxygen (DO) through the 

membrane and the molar concentration of oxygen (CO) as follows: 

 

𝑖𝑜𝑛 =
4𝐹 
2𝐶𝑂
 𝐷𝑂

 

𝑅𝑇
      equation 2 

 

CO: average molar concentration of oxygen in the bulk of the membrane. 

 

From the Nernst-Einstein relationship and equation 2, the oxygen flux and oxygen diffusion coefficient 

are described as follows: 

 

and  

𝐷𝑂
 =

4𝑅𝑇𝐿

𝐶𝑂∆µ𝑂2
𝐵𝑢𝑙𝑘 𝐽𝑂2

       equation 3 

 

The chemical diffusion coefficient of oxygen (DO) is considered constant over the thickness of the 

membrane in the steady state and assuming a random distribution of oxygen vacancies in the crystal 

lattice. In other terms, the chemical diffusion coefficient of the oxygen measured by semi-permeation 

corresponds to the average diffusion coefficient in the range from pO2 in gas on oxygen rich and lean 

sides of the membrane. 

 

Furthermore, the oxygen tracer diffusion coefficient DO
* is proportional to DO by a Haven factor (Hv) [8] 

(equation 6). 

 

𝐷𝑂
∗ = 𝐻𝑉

 𝐷𝑂
        equation 6  

 

For an ideal perovskite structure, the factor Hv is equal to 0.69 [7] since, for LNO materials corresponding 

to an interstitial oxygen mechanism, it is assumed that Hv is close to unity [8]. 

 

 

3.2.2 Determination of k  

 

Usually, both cases are considered in the expression of the oxygen surface exchange kinetics, for which 

the chemical potential gradient at the membrane surface is either large or small. 

 

Adler et al. suggested a rigorous definition of the surface exchange laws in the case of a mixed conductor 

using a formalism related to the thermodynamics of irreversible processes and mass action laws [9]. 

Starting from this formalism, the following relationship can be established based on the Butler-Volmer 

equation. More recently, M. Bazant proposed a similar formalism for the ionic species exchanges at the 

solid interface electrode/electrolyte in batteries [10]. It should be noted that the proposed formalism is 

different from the one previously reported by Kim et al. [11]. 



 

JO = kCO
 (exp (

(1−β)

RT
∆µO

surf) − exp (
−β

RT
∆µO

surf))   equation 7 

 

JO: Oxygen flux through the membrane surface. 

CO: Molar concentration of oxygen in the vicinity of the membrane surface. 

β: Asymmetric coefficient depending on the nature of the transition state and composition. This 

parameter considers the asymmetric energetic barrier due to the O2- anions crossing a polarized 

solid/gas interface with an electronic charge transfer.  

∆µO
surf: The gradient of the oxygen chemical potential between the gas and the surface of the membrane. 

In other works, this term usually corresponds to the driving force of oxygen flux, called affinity. In this 

work, this term is directly measured by two microelectrodes in contact with the membrane surface [1]. 

Additionally, it is worth noting that the Butler-Volmer formalism defines the driving force as  = ∆µO
surf/mF 

with m and the electron transfer number in the interfacial reaction. 

 

It follows that 

∆µO
surf =

1

2
∆µO2

surf
     equation 8 

JO
 =

1

2
JO2
 

     equation 9 

 

Then, equation 7 becomes  

JO2 =
1

2
kCO

 (exp (
(1−β)

2RT
∆µO2

surf) − exp (
−β

2RT
∆µO2

surf))  equation 10 

 

Equation 10 can be simplified by a linear relation in equation 11, if ∆µO2
surf < RT, as reported in Figure 

3. 

 

JO2 =
kCO
 

4RT
∆µO2

surf
     equation 11 

 

 

Figure 4: Comparative evolution of the oxygen flux (JO2) with the driving force 
∆µO2
surf

RT
 from a linear 

approximate relation and a relation based on the Butler-Volmer formalism with an arbitrary value of 

β=0.5.  

 



Figure 4 shows that the usual linear relation reported in the literature [12] corresponds to a good 

approximation within a large range of gradients. The discrepancy between both models becomes 

significant only if ∆µO2
surf > 3 or 4 RT. The linear relation reported in equation 11 can be applied in 

most cases. However, Figure 2 shows that the oxygen chemical potential gradient at the membrane 

surface in contact with oxygen lean atmosphere is very large, up to 3 RT for LSFG6464 membranes. 

This suggests that the Butler-Volmer formalism must be applied in this case, as reported in equation 10.  

 

A large oxygen chemical potential gradient at the surface 

 

In this case, ∆µO2
surf(rich)

  and ∆µO2
surf(lean)

> 2RT, Surface exchanges are then described by an exponential 

relation of the chemical potential decrease at the oxygen rich surface (equation 12) and through the 

oxygen lean surface (equation 13).  

 

𝑘𝑟𝑖𝑐ℎ =
2𝐽𝑂2

𝐶𝑂
𝑟𝑖𝑐ℎ(𝑒𝑥𝑝(

(1−𝛽)

2𝑅𝑇
∆µ𝑂2

𝑠𝑢𝑟𝑓(𝑟𝑖𝑐ℎ)
)−𝑒𝑥𝑝(

−𝛽

2𝑅𝑇
∆µ𝑂2

𝑠𝑢𝑟𝑓(𝑟𝑖𝑐ℎ)
))

   equation 12 

 

𝑘𝑙𝑒𝑎𝑛 =
2𝐽𝑂2

𝐶𝑂
𝑙𝑒𝑎𝑛(𝑒𝑥𝑝(

(1−𝛽)

2𝑅𝑇
∆µ𝑂2

𝑠𝑢𝑟𝑓(𝑙𝑒𝑎𝑛)
)−𝑒𝑥𝑝(

−𝛽

2𝑅𝑇
∆µ𝑂2

𝑠𝑢𝑟𝑓(𝑙𝑒𝑎𝑛)
))

   equation 13 

 

where k is the oxygen surface exchange coefficient, CO
rich

 and CO
lean

 are the oxygen molar 

concentrations in the membrane at vicinity of the oxygen rich and lean surfaces, and ∆µO2
surf(rich)

 and 

∆µO2
surf(lean)

, are the gradient of oxygen chemical potentials through the membrane surface in contact 

with the oxygen rich and oxygen lean atmospheres, respectively (see Table 2 in the annex). The β 

exponent coefficient is constant and is between 0 and 1 [9,10]. 

 

Equations 14 and 15 are two expressions of the oxygen surface coefficient (k) at the oxygen partial 

pressure corresponding to the oxygen partial pressure close to equilibrium with the membrane surface. 

These pressures are measured using a system of microelectrodes at the oxygen-lean and oxygen-rich 

surfaces of the membrane. 

 

From the measurement of the oxygen potential gradient at both membrane surfaces and using equations 

14 and 15, we were able to determine the surface exchange coefficients at the oxygen-rich and the 

oxygen-lean membrane faces, krich and klean, as a function of pO2.  

 

A low oxygen chemical potential gradient at the surface 

 

In the case of a low chemical potential gradient at the surface, ∆µ𝑂2
𝑠𝑢𝑟𝑓(𝑟𝑖𝑐ℎ)

  𝑎𝑛𝑑 ∆µ𝑂2
𝑠𝑢𝑟𝑓(𝑙𝑒𝑎𝑛)

< 2𝑅𝑇, 

equations 12 and 13 become, respectively : 

 

krich =
4RT JO2

CO
rich ∆µO2

surf(rich)  equation 14 

and  

klean =
4RT JO2

CO
lean ∆µO2

surf(lean)   equation 15 

 



Equations 14 and 15 show the usual linear relationship between the oxygen flux (JO2) and the driving 

force (
surf

O2
μ ) with the pO2 dependence of 

leank  and 
richk  coefficients as reported by Bouwmeester et 

al. [12]. Then, both coefficients can be compared to the k* coefficient obtained by the IEDP method, as 

reported by De Souza [13].  

 

 

3.3 pO2 dependence of DO and k 

 

Previous work reported by De Souza et al. shows the dependence of D* and k* obtained by the isotopic 

exchange method as a function of pO2 for several perovskite (oxygen deficient) materials [13]. In 

particular, the pO2 dependence of k* obeys a power law, as described in equation 16. 

 

k 
∗ = k0

  (
pO2

 

pO2
° )
𝑛

       equation 16 

 

where kO is the surface exchange coefficient at the reference oxygen partial pressure, usually pO2
°  = 

0.21 atm, n is the power law parameter related to the electronic defect concentration in these materials 

as follows: n = 0.23 for ionic conductors (Ce0.8Gd0.2O2-δ and La0.9Sr0.1Ga0.8Mg0.2O3-δ), 0.27 - 0.31 for 

electron-poor mixed conductors (CaZr0.9In0.1O3-δ, SrFe0.0013Ti0.9987O3-δ perovskites), and 0.39 - 0.41 for 

electron-rich mixed conductors (La0.8Sr0.2MnO3-δ, La0.6Sr0.4Fe0.8Co0.2O3-δ and La0.3Sr0.7CoO3-δ 

perovskites) [3,4,13]. This assumes that different mechanisms are operative for electron-rich or electron-

poor materials. The work reported by De Souza et al. also suggests a single theoretical expression of 

the pO2 dependence of k* for all materials in agreement with experimental data, as determined by 

equation 17: 

 

n =
∂ lnk∗

∂ lnpO2
= A(

∂ lnCh

∂ lnpO2
+

∂ lnCe

∂ lnpO2
) −

1

2

∂ lnCv

∂ lnpO2
+
1

4
   equation 17 

 

where ch, ce and cv correspond to hole, electron defect, and oxygen vacancy concentrations, 

respectively. A is a pre-exponential value depending on each composition. The m value is mainly linked 

to the evolution with pO2 of the ionic defect concentration because the electro-neutrality, in the peculiar 

case of electronic–rich mixed conductors, (ch or ce >> cv) involves the following:  
∂ ln Ch

∂ ln pO2
+

∂ ln Ce

∂ ln pO2
. Then, 

equation 17 becomes the following: 

 

n =
∂ lnk∗

∂ lnpO2
= −

1

2

∂ lnCv

∂ lnpO2
+
1

4
      equation 18 

 

In the case of an interstitial oxygen conductor such as La2NiO4+δ nickelate, equation 18 becomes  

 

n =
∂ lnk∗

∂ lnpO2
=
1

2

∂ lnCi

∂ lnpO2
+
1

4
      equation 19 

 

where ci is the interstitial oxygen concentration.  

 

However, equation 19 can be applied only if the system is a chemical equilibrium. For the isotopic 

exchange depth profile method, the system is at the chemical equilibrium. Unfortunately, for oxygen 

semi-permeation, the system is far from an equilibrium state, and the main assumptions of this model 

are not true. 

 



Figure 5 shows the evolution of cv for La0.6Sr0.4Fe0.6Ga0.4O3-δ perovskite and ci for La2NiO4+δ nickelate in 

relation to the oxygen partial pressure of the surrounding atmosphere. The measurements of Cv and Ci 

are obtained from thermal-gravimetric analysis at high temperature and atmosphere and lattice 

parameters determined by X-rays diffraction at high temperature. 

 

 

Figure 5: Determination of 
∂ ln Cv

∂ ln pO2
 or 

∂ lnCi

∂ lnpO2
 

values from the evolution of Log cv or Log ci vs. Log pO2 for 

La0.6Sr0.4Fe0.6Ga0.4O3-δ (LSFG6464) and for La2NiO4+δ nickelate (LNO) using thermo-gravimetric 

measurements at 900°C and 800°C, respectively [14,15]. 

 

The value of n from 210 mbar to 50 mbar is estimated at 0.46 for La0.6Sr0.4Fe0.6Ga0.4O3-δ perovskite 

(LSFG6464) and 0.33 for La2NiO4+δ nickelate (LNO) (from equation 18 and 19, where n = 0.42/2 + ¼ 

and n = 0.16/2 + ¼, respectively), which is in good agreement with usual values reported in the literature 

for electronic-rich mixed conductor [13]. However, n significantly decreases with pO2, for instance, n  

0.38 when pO2 is lower than 10 mbar for La0.6Sr0.4Fe0.6Ga0.4O3-δ perovskite.  

 

The pO2 dependence on DO and k can be estimated from oxygen semi-permeation measurements with 

the large variation of the pO2 gradient between both membrane surfaces, as reported in Figure 3.  

 

In Figure 6, the DO coefficients for La0.6Sr0.4Fe0.6Ga0.4O3- perovskite show low variation with pO2 (close 

to 2-3 10-7 cm2.s-1). Conversely, DO coefficients decrease significantly with for La2NiO4+ , from 2-3 10-7 

to 2 10-8 cm2.s-1 when pO2 decreases from 0.1 to 0.001. This trend is expected because the interstitial 

oxygen concentration in La2NiO4+ decreases with pO2. The decrease of interstitial oxygen concentration 

leads to the decrease of oxygen diffusion in La2NiO4+ with pO2.  

 



 

Figure 6: pO2 dependence on D* and k* at 800°C for a) La0.6Sr0.4Fe0.6Ga0.4O3- and b) La2NiO4+. 

 

In the opposite case, the oxygen vacancy concentration in La0.6Sr0.4Fe0.6Ga0.4O3- perovskite increases 

with pO2. The apparent low variation of the DO coefficients in La0.6Sr0.4Fe0.6Ga0.4O3- perovskite with pO2 

on Figure 5a is likely linked to two antagonist effects on oxygen bulk diffusion. The first one is linked to 

the increase of oxygen vacancy concentration with the pO2 and the second one is linked to the decrease 

of mobility of oxygen vacancies with the increase of oxygen vacancy concentration in the perovskite 

structure. The impact of both effects leads to a low variation of Do with pO2 in La0.6Sr0.4Fe0.6Ga0.4O3- 

perovskite. 

 

The n coefficient in the power law expressed previously in equation 16 can be estimated as 0.7 for 

La0.6Sr0.4Fe0.6Ga0.4O3- and 0.8 for La2NiO4+membranes from the data reported in figure 5.  

 

The exponent values designed by n, as reported in equations, 16, 18 and 19, can be evaluated from the 

slope of the curve reported in Figure 5. Note that n is close to 0.7 for La0.6Sr0.4Fe0.6Ga0.4O3- perovskite 

and 0.8 for La2NiO4+δ nickelate. These values are significantly higher than those evaluated from the 

thermal gravimetry analysis and the usual values expected in the literature [3,4,13]. This apparent 

discrepancy could be linked to the starting hypothesis suggested in the model reported by De Souza et 

al., which assumes that the system is at equilibrium, while the oxygen semi-permeation measurements 

correspond to a system far from equilibrium [16,17].  



 

The values obtained with both methods are similar for high pO2 (=0.21), but the oxygen permeation 

measurements lead to an overestimation of the coefficients D and k, as reported in a recent study [14]. 

This apparent discrepancy suggests that the formalism applied for oxygen permeation must be 

considered in the case of a no equilibrium system. Another assumption is that one of the methods could 

be impacted by a systematic experimental error when pO2 decreases, as previously reported in this 

work.  

 

Furthermore, k decreases with pO2 for both materials in Figure 6. This variation of k is likely linked to a 

large variation of oxygen concentration in both materials and the mismatch with ideal values, as 

suggested in Butler Volmer formalism. Although krich values are close to the klean values for the La2NiO4+ 

membrane, a significant discrepancy is noted between krich and klean coefficients obtained with a 

La0.6Sr0.4Fe0.6Ga0.4O3- perovskite membrane. Indeed, the oxygen semi-permeation measurements 

operate far from equilibrium at the interface solid/gas, particularly for the LSFG6464 membrane. This 

configuration allows the kinetics of oxygen adsorption or incorporation reaction at oxygen rich surfaces 

(reaction 1) to be isolated and the oxygen desorption reaction at oxygen lean surfaces (reaction 2). 

 

1

2
O2
 + VO

⦁⦁
krich

→  OO
X + 2h 

⦁      reaction 1 

 

OO
X + 2h 

⦁
klean

→   
1

2
O2
 + VO

⦁⦁
      reaction 2 

 

In other works, krich and klean are associated with the surface exchange coefficient of incorporation and 

desorption, respectively.  

 

Figure 7 shows the evolution of the oxygen flux in relation to the gradient of oxygen chemical potential 

through the membrane surface. Basically, these data provide new evidence that the linear relation is not 

adapted to describe the oxygen surface exchanges at the membrane surface. The values of the 

exponential factor (n) are estimated in this work as 2 for LSFG6464 and 8 for LNO membranes if the 

following relationship is assumed and the gradient of oxygen chemical potential is large: 

 

JO2 = Aexp (
m

RT
∆µO2

surf)     equation 20 

where m>0, and A is a constant. 

 

Equations 10 and 16 suggest the following relationship between the oxygen fluxes, the oxygen partial 

pressure at the membrane surface and the gradient of the oxygen partial pressure through the 

membrane surface.  

 

JO2 =
1

2
 k0
  (

pO2
"

pO2
° )
n

CO (exp (
(1−β)

2RT
∆µO2

surf) − exp (
−β

2RT
∆µO2

surf))   equation 21 

pO2
"  is the oxygen partial pressure at the lean side. pO2

°  is the reference oxygen partial pressure, usually 

pO2
°  = 0.21 atm. 

 

We can simplify equation 21, because we assumed that JO2 = 𝐵 pO
2
"    at the oxygen lean surface (see 

annex 2). 

JO2 = A  (exp (
(1−β)

2RT
∆µO2

surf) − exp (
−β

2RT
∆µO2

surf))

1

1−n
   equation 22 



 

If ∆µO2
surf ≫ RT, equation 25 can be simplified as follows: 

JO2 = Aexp (
(1−β)

2(1−n)RT
∆µO2

surf)      equation 23 

 

Or m =
(1−β)

2(1−n)
        equation 24 

 

The m value is estimated as 2 for La0.6Sr0.4Fe0.6Ga0.4O3- from the data reported in figure 7. In the case 

of La2NiO4+membranes, the oxygen activity gradient is too low for a suitable estimation of m because 

∆µO2
surf ≈ RT. Then, the value of β can estimated as -0.2 for La0.6Sr0.4Fe0.6Ga0.4O3-. These values are 

inconsistent with values of β typically estimated in the literature between 0 and 1 [9,10]. 

 

 
Figure 7: Determination of m from experimental data for the oxygen flux in relation to the oxygen 

chemical gradient potential at the surface of La0.6Sr0.4Fe0.6Ga0.4O3-δ (LSFG6464) perovskite and 

La2NiO4+δ nickelate (LNO) membranes. 

 

For a low oxygen chemical potential gradient, it is suggested that the actual accuracy of the semi-

permeation setup is too low to observe the linear relationship for the low oxygen potential gradient at 

the membrane surface, as expected in equation 11.  

 

For the large oxygen chemical potential gradient, the dependence of k on pO2 could govern the evolution 

of oxygen flux with the oxygen chemical potential gradient.  

 

However, figure 8b shows that the experimental curves can be reproduced for high values of n (with 

n=0.7) if the impact of the oxygen activity variation during oxygen measurements is considered, as 

expressed in equation 21. This confirms that the evolution of the oxygen flux with the oxygen chemical 

potential gradient in this work depends mainly on the following two terms: the dependence of k with pO2 

(linked by n exponent in equation 21 or 23) and the asymmetric potential linked to the polarization of the 

interface (linked by β coefficient). Finally, the data reported by semi-permeation measurements are 

consistent with the model reported by Bazant [10].  

 



 
Figure 8: a) Experimental data for the oxygen flux in relation to the oxygen chemical gradient potential 

at the surface of La0.6Sr0.4Fe0.6Ga0.4O3-δ (LSFG6464) perovskite and La2NiO4+δ nickelate (LNO) 

membranes. b) Theoretical curves expressed by equation 25, in relation to n and β parameters. 

 

4. Conclusions 

 

This study shows that the oxygen surface exchange coefficient of mixed conductors decreases 

significantly at low pO2. It is assumed that the usual models regarding oxygen surface exchanges for 

oxygen semi-permeation measurements can lead to an important discrepancy for the values of k. The 

Butler-Volmer formalism, as reported in previous works, is adapted for the formalism of oxygen surface 

exchange kinetics on mixed conductors with a large driving force.  

 

Furthermore, this work demonstrates that various conditions can be carefully checked with the IEDP 

method, in particular, low pO2. This requires specific experimental conditions, such as a large volume 

chamber or a fixed concentration of 18O in the chamber. Unfortunately, these conditions are not always 

considered in previous works. This study shows that the model reported by De Souza regarding the 

evolution of k* with pO2 could be not applied for systems far from equilibrium, such as oxygen transport 

membranes, or the solid oxide fuel cell. In this way, the oxygen semi-permeation method could be a 

judicious experimental method to establish the fundamental relationships between DO, k, and pO2. 
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Annex 1 

 

at 800°C Vm 

(Å3) 

air 

 

Ar CO (mol.cm-3) 

at pO2= 0.21 

atm) 

CO (mol.cm-3) 

at pO2≈ 10-4 

atm 

LNO 97.5  

(= 390/4) 

0.08 0.047 6.95 10-2 6.89 10-2 

LSFG6464 59.78 0.136 0.18 7.96 10-2 7.80 10-2 

 

Table 2: Oxygen molar concentration (Co) under air and nitrogen for LSFG6464 perovskite 

and LNO nickelate at 800°C. 

 

 



Annex 2 

 

The oxygen semi-permeation fluxes can be calculated from the values of ''pO2
 and Equation 25 when 

the oxygen flow ( SJ
2O  ) through the membrane (in ml.s-1) is significantly lower than the inlet argon 

flow in chamber 2, corresponding to 200 ml.s-1. In general, the argon atmosphere is preferred for oxygen 

flux measurements to achieve higher sensitivity and accuracy for low variations in oxygen content. 

 

JO2
=
DAr

Vm
(
pO2
" −pO2 (in)

 

S
)        equation 25 

 

JO2: oxygen flux through the membrane in mol.m-2.s-1, 

DAr: argon flow in l.s-1 (= 3.33 10-3 l.s-1), 

Vm: molar volume of argon in l.mol-1 (= 24 l.mol-1 at 20°C under 1 atm), 

S: efficient membrane surface or membrane section (= 3.14 10-4 m2), 

pO2
" : oxygen partial pressure in the argon flux outlet (in atmosphere), 

pO2 (in)
 : oxygen partial pressure in the argon flux inlet (≈10-6 atm). 

 

As pO2
" >>pO2 (in)

 , we can simplify equation 25 as follows:  

 

JO2 =
DAr

Vm
(
pO2
"

S
) => 𝐵 pO

2
"   with B as a constant.     Equation 25 

 

 

 
Figure 9: Setup for oxygen semi-permeation measurements with the zirconia cone shape and gold 

microelectrodes for the measures of oxygen activity at the membrane surfaces [1].  

 

 
 


