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A B S T R A C T   

Surface exchange kinetics and bulk diffusion of oxygen are of paramount importance to the activity of oxygen 
electrocatalysis and performance of electrochemical devices such as fuel cell, metal-air batteries, and oxygen 
separation membranes. Conventional approaches to obtaining these transport properties are often limited to 
single property under a specific non-operation related condition. Here we use a combined oxygen permeation cell 
and oxygen probe methodology to simultaneously attain rates of oxygen surface exchange and bulk conductivity/ 
chemical diffusivity of three representative mixed oxide-ion and electron conductors, namely SrCo0.9Ta0.1O3-δ 
(SCT), La0.6Sr0.4CoO3-δ (LSC) and La0.6Sr0.4FeO3-δ (LSF), operated under a steady-state oxygen flux. The results 
explicitly show that SCT exhibit the highest oxide-ion conductivity/chemical diffusivity, fastest rates of surface 
oxygen exchange kinetics, thus promising to be the best oxygen electrocatalyst. We have also mapped out the 
distribution of oxygen chemical potential gradient across the membranes and applied B-transport number 
concept to illustrate the rate-limiting steps in the overall oxygen permeation process.   

1. Introduction 

Oxygen-deficient perovskite or -related oxides are a family of 
excellent catalysts for oxygen electrocatalysis in electrochemical devices 
involving oxygen as an active species, such as reversible solid oxide cells 
(RSOCs) [1], rechargeable metal-air batteries (RMABs) [2], and oxygen 
transport membranes (OTMs) [3]. The high electrocatalytic activity in 
these materials is mostly understood to arise from their mixed electronic 
and oxide-ion conductivity. In general, these materials are 
electron-dominating conductors, but the magnitude of partial oxide-ion 
conductivity is much higher than that of pure oxide-ion conductors 
because of the enhanced oxide-ion transport by the overwhelming 
electron transport via the “drag-pull” mechanism to satisfy the local 
quasi charge-neutrality requirement [4]. While not fully understood, it 
is generally accepted that the higher the partial oxide-ion conductivity 
(or oxygen vacancy concentration) the better the oxygen electrocatalytic 
activity when used as an oxygen electrode. For example, a combination 
of larger A-site cations (e.g. Ba, Sr) with Co or Fe on the B-site in ABO3 
perovskites yields the highest partial oxide-ion conductivity along with 
the dominating electronic conductivity and the best oxygen electro
catalytic activity [5]. Theoretical and experimental studies both 

suggested that the high oxygen vacancy concentration (thus partial 
oxide-ion conductivity) is fundamentally rooted in the strong orbital 
interactions between 3d electrons of Co(Fe) and 2p electrons of oxygen, 
which results in O–Co(Fe)–O bonds with heavy covalent character 
[6–8]. With a larger A-cation, the Goldschmidt tolerance factor is close 
to unit and the perovskite structure tends to be more cubic with a greater 
unit cell. In such a large cell, the O–Co(Fe)–O bond is stretched out and 
weakened, resulting in high propensity to lose oxygen at elevated tem
peratures. If the cubic structure could be maintained after oxygen loss at 
elevated temperatures (either during synthesis or operation), the sig
nificant amount of oxygen vacancies, thus high partial oxide-ion con
ductivity, would provide excellent oxygen electrocatalytic activity. 
Unfortunately, most of those perovskites with large A-cations and Co/Fe 
as B-cation cannot retain their cubic structure after losing significant 
amount of oxygen, transforming into other phases such as brownmil
lerite with ordered immobile oxygen vacancies, thus less oxygen elec
trocatalytic activity. In addition, the high concentration of oxygen 
vacancies in those materials can attract CO2 and H2O from ambient air, 
forming carbonates and hydroxides on their surfaces. 

To best utilize these highly active oxygen-deficient ABO3-δ for 
practical applications, aliovalent doping at both A- and B-site is 
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commonly practiced. Representative of these stabilized oxygen-deficient 
ABO3-δ, which have been widely used as practical catalysts for oxygen 
electrocatalysis in RSOCs, RMABs and OTMs, include, but not limited to, 
La0.6Sr0.4CoO3-δ (LSC) [9,10], La0.6Sr0.4FeO3-δ (LSF) [11] and 
SrCo0.9Ta0.1O3-δ (SCT) [12–14]. While the electrochemical performance 
(e.g. polarization resistances and overpotentials) of these materials have 
been well documented in literature, their bulk and surface transport 
properties suited for explaining their true electrochemical behaviors in 
practical devices are still lacking. 

In theory, there are two basic processes involved in oxygen electro
catalysis: surface oxygen exchanges and bulk oxygen diffusion. In the 
past, the rates of these two processes are often obtained by electrical 
conductivity relaxation (ECR) [15,16] and isotopic exchange depth 
profile (IEDP) method coupled with time-of-flight secondary ion mass 
spectroscopy (ToF-SIMS) [17]. One issue with such-obtained data is that 
they are only associated with one half of the oxygen electrocatalysis 
cycle, viz. either oxygen reduction reaction (ORR) or oxygen evolution 
reaction (OER) under equilibrium conditions, whereas most 
high-temperature electrochemical devices such as RSOCs, RMABs and 
OTMs operate under a steady-state oxygen flux (or current) but 
non-equilibrium state. Many years ago, Maier pointed out that oxygen 
permeation cell is the most reliable method to obtain more meaningful 
bulk properties such as partial oxide-ion conductivity and oxygen 
chemical diffusivity of electron-dominating mixed oxide-ion and elec
tron conductors (MOECs) [18]. When using this method to extract sur
face exchange rate, however, the kinetics of ORR and OER must be 
assumed the same due to the lack of experimental methods to separate 
them. As an example, we have previously used a combined oxygen 
permeation cell and theoretical modeling to simulate oxygen transport 
through the bulk and surface of an OTM but had to assume that the 
surface exchange kinetic rates are the same for both ORR and OER [13]. 
Obviously, this is a rather weak assumption because the surface oxygen 
exchange kinetics varies with partial pressure of oxygen and the two 
opposing surfaces of an OTM are exposed to two very different oxygen 
partial pressures. 

Here we report a full set of bulk and surface oxygen transport 
properties of LSC, LSF and SCT MOECs, including oxygen chemical po
tential gradient, oxygen permeation flux, partial oxide-ion conductivity, 
oxygen chemical diffusivity, and rates of oxygen surface exchange ki
netics, obtained by a combined oxygen permeation cell (OPC) and ox
ygen probe (OP) approach. The obtained transport properties are then 
correlated with the known catalytic activity of the materials to further 
demonstrate the key factor determining the activity. Through three well- 
known OTMs with very different oxygen transport properties, we also 
support the applicability of the OPC/OP method to other OTMs. The 
OPC/OP method used was originally proposed by Geffroy et al. [19–21], 
in which two sets of oxygen sensors were employed to the two opposing 
surfaces of an OTM to probe the surface chemical potential of oxygen, 
while oxygen permeation flux is being measured by an online gas 
chromatograph. From all the data collected, i.e. oxygen chemical po
tential gradients across the bulk and two surface layers and steady-state 
oxygen permeation flux, bulk partial oxide-ion conductivity/oxygen 
chemical diffusivity and rate of individual surface oxygen exchange ki
netics as a function of temperature and partial pressure of oxygen are 
obtained. Based on the above results, the rate limiting steps in the 
overall oxygen permeation process are discussed. 

2. Theoretical background of the methodology 

The gradient of chemical potential of oxygen (ΔμO2
) across an OTM is 

the driving force for the oxygen permeation. The core of the Geffroy’s 
method is to use oxygen sensor to probe μO2 (or ΔμO2 

in relative to the 
oxygen chemical potential of feed-gas (air), μg− ORR

O2
) at the two surfaces. 

Fig. 1 schematically illustrates a distribution profile of oxygen chemical 
potential gradient across the OTM. The governing equations for ΔμO2 

in 

each layer are given by Nernst equation: 

Δμs− ORR
O2

= 4FEs− ORR (1)  

Δμs− OER
O2

= 4FEs− OER (2)  

Δμb
O2

= 4FEb = 4F(Et − Es− ORR − Es− OER) (3)  

where Δμs− ORR
O2 

and Δμs− OER
O2 

are the gradients of oxygen chemical po
tential across ORR and OER surface layers, respectively; Es− ORR and 
Es− OER are the corresponding Nernst potential (or electromotive force, 
EMF), respectively; Δμb

O2 
and Eb are the gradient of oxygen chemical 

potential across the membrane bulk and the corresponding Nernst po
tential, respectively; Et is calculated by: 

Et =
RT
4F

ln
PO2− H

PO2− L
(4)  

where PO2 − H is the partial pressure of oxygen fixed at 0.21 atm at the 
ORR side and PO2 − L is the partial pressure of oxygen at the OER side, 
which is measured by gas chromatograph. 

For conditions close to the equilibrium under which the rates of 
forward and backward surface oxygen reactions are equal, one can 
represent oxygen flux through the two surfaces by Onsager equation 
[22]: 

J
′

O2
= j

′

ex
Δμs− ORR

O2

RT
(5)  

J′′
O2

= j′′
ex

Δμs− OER
O2

RT
(6)  

Here j′

ex and j′′ex (mol O2 cm− 2 s− 1) are the balanced oxygen exchange 
rates at the ORR and OER surfaces, respectively, under no oxygen po
tential gradients. R and T are gas constant and temperature in K, 
respectively. 

Under non-equilibrium conditions, i.e. when a net oxygen flux passes 
through the membrane, eqs. (5) and (6) needs to be modified to reflect 
the net oxygen flux resulted from nonequal rates of forward and back
ward surface oxygen reactions. For ORR reaction, O + 2e ⇋ O2− , the net 
oxygen flux JO across the surface equals forward oxygen flux Jf

O sub
tracted by backward oxygen flux Jb

O, JO = Jf
O − Jb

O. From the generic 
definitions of JO and k [23], we have 

JO = KC(0, t) = C(0, t)k0exp
[

−
ΔG∕=

RT

]

(7)  

where C(0, t) is the surface concentration of active species; k0 is the 
standard rate constant of oxygen exchange reaction at equilibrium; ΔG∕=

is the standard Gibbs free energy for activating the active species. 
Factoring in transfer coefficient α to account for asymmetry caused by 

Fig. 1. Illustration of distribution profiles of oxygen chemical potential gradi
ents across an OTM. 
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the shift of activation Gibbs free energy under a net oxygen flux, we have 
for oxygen flux J′

O through the ORR surface 

J
′

O = 2J
′

O2
= kf CO(0, t) − kbCR(0, t)

KORR

[

CO(0, t)exp
(

−
αΔμs− ORR

O

RT

)

− CR(0, t)exp
(ʀ

1 − α
)
Δμs− ORR

O

RT

)]

KORR

[

CO(0, t)exp
(

−
αΔμs− ORR

O2

2RT

)

− CR(0, t)exp
(

(
1 − α

)
Δμs− ORR

O2

2RT

)]

(8)  

Here Δμs− ORR
O = 1

2Δμs− ORR
O2

; KORR is the rate constant of oxygen surface 
exchange at the feed-side. The transfer coefficient α is an indicator of the 
symmetry of the energy barrier for activation polarization. For MOECs, 
it has been suggested that α = 0.5 [20,23], which means a symmetrical 
ΔG∕= profile vs. reaction coordinate or a symmetrical energy barrier for 
activation polarization. CO(0, t) equals Cb

O(T, PO2 ) at PO2 =0.21 atm; 
CR(0, t) equals Cb

O(T, PO2 ) at P′

O2
; Cb

O(T, PO2 ) can be calculated by 

Cb
O(T, PO2 ) =

3 − δ(T, PO2 )

VmNA
(9)  

where NA is Avogadro constant (6.02 × 1023/mol); Vm (cm3) and δ are 
the unit cell volume and oxygen non-stoichiometry of the membrane, 
respectively. The δ (T, PO2 ) for SCT is available from our previous work 
[24], and δ (T, PO2 ) for LSF and LSC are taken from Ref. [25] and Ref 
[26], respectively. 

Similarly, for OER, O2− ⇋ O + 2e, the oxygen flux J˝
O across the OER 

surface is given by: 

J˝
O = 2J˝

O2
= kf CR(0, t) − kbCO(0, t)

KOER

[

CR(0, t)exp
(ʀ

1 − α
)
Δμs− OER

O

RT

)

− CO(0, t)exp
(

−
αΔμs− OER

O

RT

)]

KOER

[

CR(0, t)exp
(

(
1 − α

)
Δμs− OER

O2

2RT

)

− CO(0, t)exp
(

−
αΔμs− OER

O2

2RT

)]

(10)  

Here Δμs− OER
O = 1

2Δμs− OER
O2

; CR(0, t) equals Cb
O(T, PO2 ) at P′′

O2
; CO(0, t)

equals Cb
O(T, PO2 ) at PO2 = PO2 − L; KOER is the rate constant of oxygen 

surface exchange at the sweep-side. For MOEC membranes [17,27,28], 
KOER and KORR are the function of PO2 and T, and follow a power law of 
K––K0(PO2 /P0

O2
)m. Here K0 is the rate constant under the reference ox

ygen partial pressure, P0
O2

=0.21 atm; m is the power index. 
At steady state of oxygen permeation, 

J
′

O2
= J′′

O2
= JO2 (11)  

JO2 =
σi(T, PO2 )

16F2L
Δμb

O2
=

D̃O(T, PO2 )Cb
O(T, PO2 )

4LRT
Δμb

O2
(12)  

where JO2 is the oxygen flux passing the bulk of the membrane; σi= σi(T, 
PO2 ) is the partial oxide-ion conductivity in OTM; D̃O = D̃O(T, PO2 ) =
RTσi(T,PO2 )

4F2Cb
O(T,PO2 )

(cm2/s) is the corresponding chemical diffusivity of oxygen. 

With the measured JO2 , Δμs− ORR
O2

, and Δμs− OER
O2

, we can calculate KORR, 
KOER and σi (D̃O), according to eqs. (8), (10) and (12), respectively. 

It is to be noted that the linear surface flux equations (5) and (6) 
under equilibrium condition are only valid when PO2 range within the 
two surface layers is small enough to satisfy the condition of Δμs− ORR

O2 
and 

Δμs− OER
O2

«RT [22]. However, we will show that this condition cannot be 
met in this study due to the large oxygen partial pressure gradient 
observed. To fairly assess the rate-limiting steps in the overall oxygen 
permeation process, we adopt the B transport number concept proposed 
by Geoffroy et al. [21] and further used by Kagomiya et al. [29] The 

definitions of B-transport numbers are: 

BC =
Δμs− ORR

O2 + Δμs− OER
O2

Δμb
O2

(13)  

BC− ORR =
Δμs− ORR

O2

Δμb
O2

(14)  

BC− OER =
Δμs− OER

O2

Δμb
O2

(15)  

where BC is the total surface transport number; BC− ORR and BC− OER are 
the individual surface transport numbers for ORR and OER surfaces, 
respectively. The magnitude of BC can provide some hints for rate 
limiting steps. For example, 1) when BC ≫ 1, the rate limiting step is 
oxygen surface exchange; 2) when BC « 1, the rate limiting step is oxygen 
bulk diffusion; and 3) when BC ≈ 1, both oxygen surface exchange and 
oxygen bulk diffusion would involve in the limitation of oxygen flux. In 
addition, with BC− ORR and BC− OER, one can further specify whether ORR 
or OER predominates the total surface oxygen exchange processes. 

3. Experimental procedures 

3.1. Membrane synthesis 

SCT, LSC and LSF were prepared by solid-state reaction method. 
First, stoichiometric amounts of La2O3 (99.99%, Sigma Aldrich, after 
drying at 1000 ◦C for 5 h), SrCO3 (≥99.9%, Sigma Aldrich), Co3O4 
(99.7%, Alfa Aesar), Fe2O3 (99.7%, Alfa Aesar), Ta2O5 (99.85%, Alfa 
Aesar) for SCT, LSC and LSF were first ball-milled in ethanol for 3 h, 
followed by drying and calcining at 1000 ◦C with heating and cooling 
rates of 3 ◦C min− 1, respectively, for 10 h. Next, the as-calcined powders 
were ball-milled, dried, and calcined at 1050 ◦C for another 10 h to 
further enhance the phase purity and homogeneity. Finally, the powders 
were ball-milled, dried, and pressed into a pellet with a diameter of 2.54 
cm and thickness of 1.5 mm and sintered at 1200 ◦C (for LSF and LSC) or 
1220 ◦C (for SCT) for 10 h, respectively, at heating and cooling rates of 
2 ◦C min− 1. The obtained membranes all have a density greater than 
98%. The two surfaces of dense pellets were then polished with SiC 
sandpaper from 200 to 1000 mesh to remove any surface 
contaminations. 

3.2. Phase purity analysis 

The phase purity of samples was examined by an X-ray diffractom
eter (XRD, Rigaku) equipped with graphite-monochromatized Cu Kα 
radiation (λ = 1.5418 Å) over a 2θ range of 10–80o in a step size of 
5o⋅min− 1. 

3.3. Electrical conductivity measurement 

Bar samples with a dimension of 45 mm × 6 mm × 4 mm sintered at 
the same temperatures above were attached with two voltage tabs and 
two current tabs for total electrical conductivity measurement. The total 
conductivity was measured vs. T in air using CorrWare software within a 
Solartron 1287/1260 electrochemical system. During measurement, a 
constant current (I) was applied across the sample while the voltage 
drop across the two voltage tabs was measured. The temperature of 
interest for this study ranged from 500 to 800 ◦C in a 50 ◦C interval. 

3.4. Oxygen permeation flux and chemical potentials measurement 

A commercial Probostat (NorECs Ltd.) was used to measure oxygen 
permeation flux and surface chemical potentials of the membranes. 
Fig. 2 shows a schematic of the system. The dense membrane with a 
silver ring as the sealant was first placed on the top of a thick-wall Al2O3 
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support tube, followed by applying spring load. To ensure a good seal
ing, we have also applied additional layer of silver paste (DAD-87, 
Shanghai Research Institute of Synthetic Resins) on the edge of the 
membrane/silver ring/tube interface. To measure Δμs− ORR

O2 
and Δμs− OER

O2
, 

two microscale yttrium-stabilized zirconia (YSZ) oxygen probes with a 
gold electrode pasted on the flat side were gently pressed against the two 
opposing surfaces of the membrane, while two other gold electrodes 
were pasted as a point directly on the membrane surfaces for bulk 
voltage measurement. Three voltages, shown in Fig. 2, viz. Es-ORR, Es-OER 
and Eb, were measured by a high-resolution digital multimeter (Agilent, 
model 34401A, 6½ digital). The Es-ORR on the feed surface and Es-OER on 
the sweep surface are a direct measurement of kinetic resistance 
attributed to oxygen surface exchanges. 

During a typical run, the system was first gradually heated up to 
920 ◦C at a rate of 1 ◦C min− 1 and held for 1 h to ensure a tight gas seal. 
The feed side of the membrane is flowed with air in an enclosing alumina 
tube, while the sweep side is flowed with an ultra-pure Ar inside the 
support tube. For oxygen permeation flux measurement, the flow rate of 
feed gas air is fixed at 100 sccm, and that of sweep Ar gas is varied from 
10 to 150 sccm to achieve different PO2 . The sweep gas with the 
permeated oxygen was then analyzed by an on-line gas chromatograph 
(490 Micro GC, Agilent Inc.) to obtain PO2 − L, Et and JO2 . Control of air- 
leakage is critically important for this experiment to ensure the accu
racy and reliability of the data. Therefore, for any experiments showing 
air leakage greater than 1%, the data will be discarded. For those 
accepted data, the leakage corrections were performed on both oxygen 
flux and EMF calculations. For each OTM composition, we prepared 2–3 
samples and performed the experiment with each sample to ensure the 
repeatability and accuracy of the data. 

4. Result and discussion 

4.1. Phase purity 

The desirable single-phase perovskite structure of SCT, LSF and LSC 
are confirmed in Fig. 3 of XRD patterns collected at room temperature by 
their excellent match with the PDF card of each sample. Specifically, 
SCT has a primitive cubic structure (S.G.: Pm-3m), while LSF and LSC 
have orthorhombic structure (S.G.: R–3C). The left-shift of 2θ in SCT 
pattern compared to pure SrCoO2.29 is caused by the larger Ta5+ doping 
(Ta5+: 0.78 Å vs. Co4+: 0.67 Å for CN=6). There are also two weak peaks 
at 42o and 48.5o identified on SCT pattern, which is an indicative of 
oxygen-ordered superlattice in tetragonal (S.G.: P4/mmm) structure. We 
confirmed from a previous study on a similar SrCo0.9Nb0.1O3-δ system 
that this superlattice phase will disappear at higher temperatures as the 

ordered oxygen dissociates [30]. 

4.2. Oxygen bulk transport properties 

The raw data collected in this experiment include oxygen concen
tration in Ar-sweep gas at different flow rates, Es-ORR and Es-OER. Ac
cording to the continuous stirred-tank reactor (CSTR) model, varying 
sweep gas flow rates will result in change in oxygen contents in Ar- 
sweep gas, thus change in oxygen chemical potential gradients (ΔμO2

) 
and oxygen permeation flux (JO2 ) across the membrane. Since PO2 − L 
varies with the type of membranes at a given Ar-flow, we use the Ar-flow 
to represent PO2 − L for the transport data presentations throughout the 
paper. 

Fig. 4(a-1), (b-1) and (c-1) show the measured Es-ORR and Es-OER, and 
the calculated Eb using eqs. (3) and (4) of the three OTMs at different 
conditions. In most cases, as Ar flow increases and temperature de
creases, Es-OER and Eb rise. This is because a higher Ar flow (or lower 
PO2 − L) will create a greater Δμ across the membrane, which will directly 
affect Es-OER at the sweep side and then Eb across the membrane bulk. 
The Ar-flow has a relatively little effect on Es-ORR because Es-OER and Eb 
are the rate-limiting step (RLS), and the feed gas can provide sufficient 
oxygen at the ORR surface. The trends of Es-OER and Eb at different T are 
also reasonable since a higher T will accelerate the oxygen desorption 
and ion transport. 

However, there are a few of opposite trends observed, one is the 
increase of Es-ORR with T for SCT. Generally, a high T will favor the re
actions, thus lowering Es-ORR. The opposite trend here can be ascribed to 
the excellent ORR activity of the SCT. It can be seen from later Fig. 8 that 
Ea for SCT’s ORR is very small, suggesting that ORR is insensitive to T. At 
low T, the bulk oxygen transport is slower, resulting in an accumulation 
of O2 at the surface, and thus making Es-ORR small. As T increases, the 
bulk oxygen transport is accelerated, resulting in lower surface O2 and a 
greater Es-ORR. Es-ORR for LSC also has a slight increase with T, though the 
trend is not as obvious as SCT. For LSF, the Es-ORR has a normal trend and 
decreases with T just as Es-OER. But Eb for LSF tends to increase with T at 
higher Ar flow. Note that at higher Ar-flow and lower T, OER becomes a 
RLS for LSF, to be discussed in the following section (section 4.5). The 
opposite trend of Eb can be related to the drastic decrease of Es-OER with 

Fig. 2. Schematic of experimental setup for simultaneously measuring oxygen 
permeation flux and oxygen chemical potentials at different locations. 

Fig. 3. XRD patterns of sintered SCT, LSC and LSF collected at room 
temperature. 
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T, which will accelerate the O2 desorption at OER surface and increase 
PO2 gradient in the bulk, resulting in a greater Eb. Overall, it seems that 
RLS plays a key role in the trending of EMF with T and Ar-flow (PO2 − L). 

Fig. 4(a-2), (b-2) and (c-2) show the variations of interfacial PO2 

across the membrane using the measured Es-ORR and Es-OER in the Nernst 
equation in response to the change of Ar-flow (PO2 − L) at the Ar sweep 

side. The notations of interfacial PO2 are given in Fig. 1. For the OER 
surface, increasing T raises P′′

O2 
at a given Ar-flow for all three OTMs, 

while shifting PO2 − L range toward higher end. The T-enhanced oxygen 
flux is clearly the reason for this trending; this indicates that increasing T 
will favor promoting the RLS. The following sections (section 4.5) will 
give a more detailed discussion on the temperature related RLS. 

Fig. 4. Electromotive forces (Eb -black, Es-ORR -red and Es-OER -blue) vs. T of (a-1) SCT; (b-1) LSC and (c-1) LSF at different Ar flows. Interfacial PO2 vs. sweep-side 
PO2 − L at different T. (a-2) SCT; (b-2) LSC; (c-2) LSF. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 5. SCT: (a-1) log(σi) vs. log PO2 ; (a-2) log(D̃O) vs. log PO2 . LSC: (b-1) log(σi) vs. log PO2 ; (b-2) log(D̃O) vs. log PO2 . LSF: (c-1) log(σi) vs. log PO2 ; (c-2) log(D̃O) vs. log 

PO2 . All at different temperatures and D̃O(T, PO2 ) =
RTσi(T,PO2 )

4F2Cb
O(T,PO2 )

. 
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However, for P′

O2 
at the ORR surface, the three OTMs show different 

trending: 1) SCT’s P′

O2 
slightly decreases with decreasing PO2 − L and 

increasing temperature; 2) LSC’s P′

O2 
is nearly independent of PO2 − L and 

temperature; 3) LSF’s P′

O2 
decreases with PO2 − L but increases with tem

perature. Since these P′

O2 
are directly derived from Es-ORR (or Δμs− ORR

O2
) 

data, these trends are also reflected in Δμs− ORR
O2 

to be shown later in 
Fig. 9. The different trending in different OTMs is believed to stem from 
the intrinsic charge transport properties of each material, which ulti
mately determine the magnitudes of bulk oxygen diffusion and surface 
oxygen exchange kinetics. We will discuss these in the following 
sections. 

The log-log plots between σi and PO2 are shown in the first row of 
Fig. 5, assuming power law relationship of σi = σo

i Pn
O2

, where σo
i and n 

are constants. To obtain σi, we use eq. (12) since both JO2 and Δμb
O2 

are 
measured as a function of temperature and PO2 − L. Since the membrane is 
subject to a gradient between P′

O2 
and P′′

O2
, we take the geometric mean 

(P′

O2
P′′

O2
)½ as the averaged PO2 plotted against σi in Fig. 5; this treatment 

assumes a linear Δμ~lnPO2 profile across the membrane. From the ob
tained σi, we further calculate out oxygen chemical diffusivity of D̃O 
from Nernst-Einstein equation embedded in eq. (12), which are shown 
in the second row of Fig. 5. In general, σi and D̃O have expectedly a 
similar trend and power index (n) for each material. For different ma
terials, however, the order of magnitude and power index vary signifi
cantly. For example, SCT and LSC show small and positive n-value, 
which are not varying significantly within the standard deviation limit. 
The n > 0 implies that a higher PO2 favors a higher σi. This is expected for 
p-type conductors like SCT and LSC since their higher electronic con
ductivity at higher PO2 promotes oxide-ion conductivity through the 
“drag-pull” effect. For LSF, however, n < 0 is observed. This opposite 
trending to SCT and LSC is resulted from LSF’s electronic conduction 
changing from p-type to n-type at lower PO2 range [10]. We acknowledge 
that LSF’s 700 ◦C-data are not very reliable due to its very low oxygen 
flux. Overall, SCT has the highest σi and D̃O, followed by LSC and LSF. 
This observation agrees with the trend observed for oxygen vacancy 
concentration [20,24,25]. 

The Arrhenius plots of σi of the three materials are shown in Fig. 6(a). 
Note that the data plotted are those from PO2 at Ar flow of 100 sccm for 
illustration purpose. As shown in Fig. 5(a), σi generally has a weak 
dependence on PO2 . Thus, one would expect a similar Arrhenius rela
tionship for other PO2 . It is evident that SCT exhibits the lowest activa
tion energy of 0.69 eV vs. 1.21 eV for LSC and 1.25 eV for LSF, 
suggesting that SCT is the most oxide-ion transport friendly material, 
particularly at lower temperature range. The total electrical conduc
tivity (σ) as well as ion transport number of SCT, LSC and LSF measured 
in air as a function of temperature are compared in Fig. S1. All samples 

exhibit σ > 100 S cm− 1, generally suitable for using as OTMs or oxygen 
electrodes of RSOFC or RMABs. In addition, LSC shows the highest σ and 
behaves like a metal. While SCT exhibits a moderate σ, its ionic con
ductivity σi are the highest among the three materials, ranging from 
0.3~1.2 S/cm at 600–900 ◦C, roughly 6–8 times higher than LSC and 
LSF. The σi values of SCT are very close to what have been previously 
reported using the same oxygen permeation cell (OPC) method [13]. 
Similarly, the measured σi of LSC, 0.024 ~ 0.24 S/cm from 700 to 
900 ◦C, are also close to 0.025 ~ 0.20 S/cm from 730 to 890 ◦C reported 
in Ref. [31] using the same OPC method. For LSF, the only σi reported 
using ECR method varied from 0.013 ~ 0.049 S/cm from 800 to 900 ◦C 
[32], comparable to 0.057–0.14 S/cm for the same T range. Neverthe
less, electrons holes or excess electrons are clearly the dominating 
charge carriers for the total electrical conduction of these materials. 

Fig. 6(b) shows the Arrhenius plot of D̃O of the three materials. The 
trend of activation energy Ea follows that of σi. D̃O is in the order of 
magnitude of ~10-6 cm2/s for SCT, which is close to the reported 0.65 ×
10-6 cm2/s using the same OPC method [13], and ~10-7 cm2/s for LSC 
and LSF within 700–900 ◦C. The latter values are comparable to those 
reported in the literature. For example, a similar D̃O for LSC ranging 
from 0.46 to 3.70 × 10-7 cm2/s was reported for 700–900 ◦C using ECR 
method [33]. Using the same method as this study, Derozier et al. re
ported similar D̃O =(3(±2)~6(±2)) × 10-7 cm2/s for La0.5Sr0.5FeO3-δ 
and La0.7Sr0.3FeO3-δ at 900 ◦C [34]. For easy reference, we have also 
summarized in Table 1 the analytical expressions of σiT, D̃O, KORR and 
KOERin the form of APO2

m(n)exp(-Ea/RT); Fig. S1 gives an example of the 
data processing procedure. 

4.3. Oxygen surface exchange properties 

Since Δμs− ORR
O2 

and Δμs− OER
O2 

are greater than RT under most conditions 
of this study, see below, we cannot use linearized JO2 -Δμs

O2 
equations to 

obtain KORR and KOER. Instead, we used the more general B–V like kinetic 
rate eqs. (8) and (10) to calculate rates of surface oxygen exchange from 
the measured Δμs− ORR

O2 
and Δμs− OER

O2
, and the known T- and PO2 -depen

dent CO(0, t) and CR(0, t). We take the geometric mean of PO2 − H and P′

O2 

to represent PO2 at the ORR surface, and PO2 − L and P′′
O2 

to represent PO2 at 
the OER surface in the plots. We also use eq. (9) to calculate CO(0, t) and 
CR(0, t) at the averaged PO2 . The two sets of kinetic exchange rates, KORR 
and KOER in logarithmic format, of the three materials are plotted in the 
first and second rows of Fig. 7, respectively, as a function of log PO2 at 
different temperatures, in expectation of power law relationship. 
Indeed, a linear dependence is generally observed for each material at a 
given T. 

The positive dependence of KORR and KOER on T of all samples shown 
in the first row of Fig. 7 is well expected given the thermally activated 

Fig. 6. (a) Regular and Arrhenius plot of σi at Ar flow of 100 sccm; (b) corresponding D̃O plots for SCT, LSC and LSF.  
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nature of surface oxygen exchange kinetics. For KOER data, all samples 
show positive power index m > 0 over a relatively broad PO2 range, 
suggesting higher PO2 favors the equilibrium rates of oxygen exchange 

for OER. Most m-values fall between 0.5 and 1.0 (except for 700 ◦C), 
signaling that RLS is closely tied to the association of 2Oad= O2,ad (Oad: 
adsorbed O atom) and molecular desorption of O2,ad= O2(g) (O2, ad: 

Table 1 
Analytical expressions of σiT, D̃O, KORR and KOER of SCT, LSC and LSF in the form of APO2

n(m)exp(-Ea/RT), where A, Ea and n/m are constants.    

σiT (SK/cm) D̃O (cm2/s)  KOER (cm/s)  KORR (cm/s)a  

Ea (eV) SCT 0.69(±0.03) 0.69(±0.03) 1.65(±0.09) 0.11(±0.10) 
LSC 1.19(±0.02) 1.20(±0.02) 1.43(±0.06) 1.02(±0.03) 
LSF 1.25(±0.03) 1.27(±0.03) 2.18(±0.04) 1.66(±0.05) 

n/m SCT 0.07 ~0.30 0.06 ~0.30 0.01 ~0.97 1.00 ~14.73 
LSC 0.06~0.21 0.05 ~0.21 0.51 ~1.10 − 56.09 ~-8.30 
LSF − 1.06 ~ − 0.12 − 1.06 ~ − 0.12 0.21 ~0.50 0.11 ~2.45 

A SCT 1.64(±0.22) × 106 5.44(±0.86) × 10-3 3.79(±1.10) × 104 8.96(±3.34) × 102 

LSC 5.49(±1.11) × 107 1.40(±0.25) × 10-1 2.40(±1.4) × 103 2.39(±2.38) × 10-2 

LSF 2.73(±0.44) × 107 5.96(±0.95) × 10-2 1.09(±0.39) × 106 6.15(±1.79) × 102  

a These data might not be reliable due to the limitation of the method. 

Fig. 7. SCT: (a-1) log KOER vs. log PO2 ; (a-2) log KOER vs. log PO2 . LSC: (b-1) log KOERvs. log PO2 ; (b-2) log KORR vs. log PO2 . LSF: (c-1) log KORRvs. log PO2 ; (c-2) 
log KORRvs. log PO2 . Note that the m values in (a-2), (b-2) and (c-2) might not be reliable due to the limitation of the method. 

Fig. 8. Arrhenius plots of (a) KOER and (b) KOER for SCT, LSC and LSF.  
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adsorbed O2) [35,36]. Previous work [17] suggests that the range of m 
= 0.39–0.41 for several electron-rich mixed conductors (e.g., 
La0.8Sr0.2MnO3-δ, La0.6Sr0.4Fe0.8Co0.2O3-δ and La0.3Sr0.7CoO3-δ), lower 
than our results. This is mainly because K values were measured with 
isotope surface exchange method, which assumes the system is in 
equilibrium. In this work, K is measured under an active gradient of PO2 , 
which is far from equilibrium. The m values here are close to Ref. [28] 
(~0.7 for La0.6Sr0.4Fe0.6Ga0.4O3-δ and ~0.8 for La2NiO4+δ), both of 
which used the oxygen permeation method. In contrast, the variations of 
KORR are limited within a much narrower PO2 range for the three sam
ples. The experiment has no control of this PO2 range because P′

O2 

(Δμs− ORR
O2

) at the ORR surface is passive and driven by the change of 
PO2 − L. In other words, the resultant P′

O2 
is controlled by the membrane’s 

oxide-ion transport rate and the rate of oxygen exchange at the OER 
surface. A membrane with a high overall oxygen permeation flux (JO2 ) 
would not require too much change in P′

O2 
(Δμs− ORR

O2
) at the feed-gas 

interface. The passive response of P′

O2 
within a very narrow PO2 range 

(or very small Δμs− ORR
O2 

as shown in Fig. 9(a)) causes a significant level of 
uncertainty in determining KORR vs. log PO2 relationship, which ulti
mately might lead to erroneously high absolute m values. Therefore, this 
could be a critical limitation to the present method to acquire the 
dependence of KORR vs. log PO2 . To obtain KORR- log PO2 relationship with 
high fidelity, a similar study but with systematically changing feed-side 
PO2 might be needed. 

The Arrhenius plots of KOER and KORR of the three materials are 
shown in Fig. 8. The activation energy of KOER is the lowest for LSC, 
followed by SCT and LSF, whereas that of KORR is the lowest for SCT, 
followed by LSC and LSF. Note that even though KORR vs. PO2 relation
ship is questionable due to the small PO2 range, its dependence on T still 
has the merit. For example, using the same OPC method, Yang et al. 
reported K=2.95 x 10-3 cm/s (assuming KOER = KORR = K) for SCT [13]. 
With ECR method, Ganeshananthan et al. reported 9.5 × 10-5, 1.5 × 10-4 

and 3.1 × 10-4 cm/s at 700, 750 and 800 ◦C, respectively, for LSC [37]. 
With ECR method, Søggaard et al. reported 1.05 × 10-5 and 9.61 × 10-5 

cm/s at 800 and 900 ◦C, respectively, for LSF [32]. All these literature 
data are within the same order of magnitude to our data. The analytical 
expressions of KOER and KORR as a function of PO2 and temperature are 
listed in Table 1 for easy reference. 

4.4. Oxygen chemical potential gradients across the membrane 

With μg− ORR
O2 

at the feed-gas (air) side as the reference, the relative 
oxygen chemical potential across the three layers can be calculated out 
using eqs. (1), (2) and (12); the results are shown in Fig. 9 as a function 
of temperature for the case of Ar-100 as an example. The Δμ profiles at 
other Ar flows (or sweep-side PO2 − L) are similar. For all three materials 

studied, Δμb
O2 

are the highest compared to Δμs− ORR
O2

and Δμs− OER
O2

, which is 
understandable for the thick OTMs (1.5 mm) used in this study. Another 
observation is that Δμs− OER

O2 
is higher than Δμs− ORR

O2 
in all cases, implying 

that OER could be the predominant RLS in the overall surface oxygen 
exchange process. However, as the temperature increases, the difference 
between Δμs− OER

O2 
and Δμs− ORR

O2 
becomes smaller, inferring all surface 

reactions are thermally activated. 

4.5. B-transport numbers 

With eqs. 13–15, the B-transport numbers have been calculated out; 
the results are shown in Fig. 10. From the total B-transport number, BC, 
shown in Fig. 10(a-1), (b-1) and (c-1), it is evident that oxygen transport 
through SCT and LSC is not limited by the surface but the membrane 
bulk since their BC values are lower than 0.5, whereas oxygen transport 
through LSF is limited by bulk diffusion together with the surface oxy
gen exchange. Looking into B-transport number in each individual sur
face layer, Fig. 10(a-2), (b-2), (c-2), (a-3), (b-3) and (c-3), it is evident 
that OER process is the real RLS in the surface oxygen exchange process 
since BC− ORR is smaller than BC− OER. For all the three materials tested, all 
BC− ORR values are close; but the difference is in BC− OER, particularly for 
LSF, which is understandable given the fact that LSF has the lowest 
oxide-ion conductivity. Overall, it is concluded that RLS for 1.5-mm 
thick SCT and LSC membranes is the bulk diffusion, whereas it is OER 
together with bulk diffusion for LSF, especially at lower temperatures. 
The determining factor of the difference is the level of partial oxide-ion 
conductivity in these membranes. 

5. Conclusions 

In summary, we have successfully obtained oxygen surface exchange 
and bulk transport properties of three well-known mixed oxide-ion and 
electron conducting membranes, namely, SCT, LSC and LSF, with a 
combined oxygen permeation cell and oxygen probe methodology. With 
this method, oxygen chemical potential gradients across the two oxygen 
exchange surface layers and one oxygen bulk diffusion layer are 
simultaneously measured, with which the rates of oxygen surface ex
change at the two opposing membrane surfaces and oxide-ion conduc
tivity/oxygen chemical diffusivity of the membrane bulk are obtained. 
The results show that SCT has the highest oxide-ion conductivity of 0.3 
~ 1.2 S/cm and oxygen chemical diffusivity of 10-5 ~ 10-6 cm2/s with 
the lowest energy barrier of 0.71 eV over 700 – 900 ◦C, followed by LSC 
and LSF. This observation is well expected because SCT possesses the 
highest concentration of oxygen vacancies due to the strong Co–O–Co 
covalent interactions. Similarly, SCT also exhibits the highest rates of 
oxygen surface exchange of ORR and OER, reaching KOER = 10-4 ~ 10-5 

cm/s and KORR = 10-3 ~ 10-4 cm/s over 700 – 900 ◦C. Compared to ORR 

Fig. 9. Oxygen chemical potential gradient (in relative to air) of (a) SCT; (b) LSC and (c) LSF at PO2 − L equivalent to Ar flow at 100 sccm.  
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kinetic rate, OER surface appears to be the most rate-limiting factor in 
the oxygen surface exchange process within the PO2 range studied. The 
differences in bulk and surface transport properties of the three mate
rials studied are fundamentally rooted in the level of partial oxide-ion 
conductivity and oxygen chemical potential gradients across the sur
face and bulk layers. The relative contributions from these layers can be 
conveniently represented by the B-transport numbers. Overall, this 
study has successfully demonstrated that the use of combined oxygen 
permeation cell and oxygen probe method can unlock important surface 
and bulk transport properties of mixed oxide-ion and electron conduc
tors operated under real working conditions of oxygen electrocatalysis. 
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