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ABSTRACT

An electrochemical oxygen permeating membrane (OPM) is fabricated using Zr0.895Sc0.095Ce0.005Gd0.005O2−δ (ScCeGdZ) as the solid

electrolyte and aLa0.7Sr0.3MnO3-bScCeGdZ composite (LZab, electrode) as the electrode. The crystal phase of the electrode and the

microstructure of the membrane is investigated with X-ray diffraction and scanning electron microscopy. The electrochemical

resistance of the membrane is examined using 2-p ac impedance spectroscopy, and LZ55 shows the lowest electrode resistance

among LZ82, LZ55 and LZ37. The oxygen permeation is studied with an oxygen permeation cell with a zirconia oxygen sensor.

The oxygen flux of the OPM with LZ55 is nearly consistent with the theoretical value calculated from Faraday’s Law below a

critical current. However, it becomes saturated above the critical current due to the limit of the oxygen ionic conduction of the

OPM. The OPM with LZ55 has a very high oxygen permeation flux of ~ 3.5 × 10−6 mol/cm2s in I = 1.4 A/cm2.
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1. Introduction

he electrochemical dense ceramic membranes with oxy-

gen permeation have attracted our attention due to

their various applications: separation of oxygen from air,

conversion of natural gas to syngas (synthetic gas) and

deoxidation from metal melts. Thus, various types of the

oxygen permeation membrane (OPM) have been developed.

The oxygen-permeating membranes (OPMs) developed to

date are classified as three types.1) The popular types are

monophasic membrane and dual phase membrane, which

exhibit a mixed ionic and electronic conductivity (MIEC).2-7)

In those membranes, the O2− (oxygen ion) and e' or h· (elec-

tron or electron-holes) are chemically driven by the oxygen

chemical potential gradient between both sides of the mem-

branes without an external circuit. The two membranes

have big advantages because they operate without expen-

sive metal electrodes or electric devices for the current

source. However, the surface-exchange reaction kinetics for

oxygen permeation may be low due to a lack of novel elec-

trode materials. Moreover, in the dual phase membrane, the

chemical compatibility and mechanical stability between the

metal phase and oxide phase needs to be satisfied for stabil-

ity. On the other hand, an oxygen pump (or the amperomet-

ric membrane), the third type, consists of not MIEC but a

solid electrolyte (SE) sandwiched between two gas-perme-

able, electrically conductive electrodes.8,9) This type has an

advantage in that the oxygen flux can be controlled by vary-

ing the applied potential even though expensive electrodes

are necessary to provide the electronic conductivity. In addi-

tion, the oxygen permeation performance is very reliable

due to using zirconia, which has mechanical and chemical

stability. However, most studies and usage for the oxygen

pump have been based on a combination of yttrium-doped

zirconia (YSZ) as the SE and novel metals (Pt, Ag) as elec-

trodes and focused on not the surface exchange kinetics but

the bulk diffusion property of the oxygen pump.1,10,11) Recently,

studies on an OPM driven by electrical current with doped

ceria as the SE and associated high performance electrodes

such as Sr-doped LaFeO3 (LSF) and La1-xSrxCo1-yFeyO3

(LSCF) have been conducted and they have reported high

oxygen permeation.9) It is known that doped ceria has higher

oxygen ionic conductivity than YSZ, and LSCF also has a

low polarization resistance as an electrode material.12-14) 

In this study, we used scandium (Sc)-doped zirconia as a

SE for an OPM driven by electrical current. The Sc-doped

zirconia is another notable oxygen ionic conductor that

comes close to doped ceria, which has an ionic conductivity

T
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almost an order of magnitude higher than YSZ. To maxi-

mize the oxygen permeation of the Sc-doped zirconia-based

membrane with the composite electrode consisting of zirco-

nia and doped-lanthanum manganate, we needed to apply

enough current to the OPM. We thoroughly studied the

electrode resistance of the composite related to the surface

exchange kinetics for oxygen permeation and analyzed its

impedance spectroscopy.

2. Experimental Procedure

Appropriate metal oxides were weighed to prepare co-

doped zirconia (Zr0.895Sc0.095Ce0.005Gd0.005O2-δ, ScCeGdZ) as

the SE of the OPM. We used a typical tape casting process

and ceramic sintering process to fabricate a thin disk-type

SE with a high density (relative density > 95%). Zirconia-

slurry was first prepared by mixing metal-oxide powders, a

solvent (ethanol) and some functional materials (binders,

plasticizer), and then the tape-casting process was per-

formed to prepare thin zirconia sheets. Finally, we con-

ducted a sintering process at 1420oC for 6 h in air after

laminating the sheets and then isostatic pressing. 

The OPM was finalized by electroding on the sintered zir-

conia disk with the composite electrode. The electrode com-

positions were LSM-80%/ScCeGdZ-20% (LZ82), LSM-50%/

ScCeGdZ-50% (LZ55) and LSM-30%/ScCeGdZ-70% (LZ37).

As for the composite electrode, two commercial powders

(Kceracell company) were mixed using an alumina mortar

and pestle with an ink vehicle, and then the mixed paste

was screen-printed on both sides of the zirconia. Lastly, the

OPM with the composite electrode was thermally treated at

1100oC for 2 h in air. The thickness of the zirconia was

~ 0.03 cm and the area of the electrode was 0.5 cm2. 

The SE and electrode resistances of the OPM were inves-

tigated by Electrochemical Impedance Spectra (EIS) mea-

surements using an impedance analyzer (SP-200, Biologics).

The obtained EIS data were analyzed using Z-view software

(Scribner Associates) to estimate the resistance (R) of the

sample. The EIS tests were conducted as a function of tem-

perature (750−850oC) under an oxygen permeation test

setup. Ac impedance spectra were obtained in a frequency

range of 0.5 Hz–5 MHz at an amplitude of 30 mV. Fig. 1

shows a schematic diagram of the oxygen permeation setup.

As seen, the upper side of the membrane (P1, oxygen partial

pressure in the upper side) was fixed as air with a flowrate

of ~ 100 cc/min and the lower side (P2) was varied with pure

oxygen (O2), air and 1% O2/N2-balance with the same flow-

rate. Glass sealing was applied and gas leakage was

checked with a zirconia oxygen sensor. The oxygen perme-

ation was generated by applying an electric current (0−1.8

A/cm2) with Keithley Instruments (K237, K2400) and the

permeated oxygen flux (Jo2) was calculated by analyzing the

oxygen concentration (Co2) at the permeated side (P2) using

a zirconia oxygen sensor.15)

2.1. Background: bulk diffusion and surface-exchange

kinetics

It is known that the oxygen permeation process through

the OPM consists of three steps, the bulk diffusion of oxygen

ions, the rate of surface-exchange between molecular oxy-

gen and oxygen ions, and the gas-solid mass transfer of gas-

eous oxygen.1) Among them, the bulk diffusion of oxygen

ions and the surface-exchange kinetics are important steps

in determining the oxygen permeation flux of mem-

branes.1,15)

In general, the oxygen flux by the bulk diffusion process

can be given by

Jk ≈ σamb/(zkF )2∇ηk (1)

where Jk is the charged particle flux, z is the charge num-

ber of the charge carrier (O2−) and σamb is the ambipolar con-

ductivity of the membrane (σamb = σel·σion/(σel + σion), where σel

is the electronic conductivity and σion the ionic conductivity,

F the Faraday constant, and ∇ηk the gradient of the electro-

chemical potential, which is the driving force for the perme-

ation of the particles (the electrochemical potential comprises

a gradient in the chemical potential gradient ∇μk and a gra-

dient in electrical potential ∇φ).1) 

A similar expression for surface-exchange kinetics, which

is another important factor in determining the oxygen per-

meation flux, is given by

JO2 = Jex
o∇ηO2 (2)

where Jex
o denotes the balanced exchange rate in the

absence of the electrochemical potential gradient. It is

known that a balanced exchange rate highly relates to the

oxygen-ion diffusion and electron transfer, which are import-

ant elementary steps in the overall oxygen oxidation/reduc-

tion reaction on the surface on oxygen permeation, which

means that the ambipolar conduction is also an important

factor in the balanced exchange rate. That is, the ambipolar

Fig. 1. A schematic diagram of the oxygen permeation test
setup.
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conductions at both the membrane bulk and surface should

be thoroughly considered for high oxygen permeation

through the membrane. The overall reaction taking place on

the surface is given by the following equation (Kröger-Vink

notation was used).16)

Oo
x ↔ 1/2O2 + Vo

·· + 2e´ (3)

Considering both Eqs. (1) and (2), the oxygen permeability

of the OPM is strongly related to the ambipolar conduction

of the membrane bulk and the balanced exchange rate of

the membrane surface.

In the electrochemical type OPM that uses a pure ionic

conductor as the SE, ambipolar conduction of the membrane

is controlled by the applied electric current. As is well

known, Sc-doped ZrO2, the SE of the OPM in this study, is a

pure ionic conductor. Thus, in principle, the oxygen ionic

current through the zirconia membrane should be equiva-

lent to the applied electrical current according to Faraday

equation (note that it is valid when the ionic current is

strong enough to be higher than the electronic one).9)

Jo2 (oxygen permeation flux, mol/sec) = I (current, A)/

F (Faraday constant, C/mol) (4)

3. Result and Discussion

3.1. X-ray diffraction and microstructures

The zirconia-based OPMs were fabricated using the lan-

thanum manganate and zirconia composite as electrodes.

Thermal treatment followed screen-printing of the compos-

ites on both sides of the zirconia. Fig. 2 shows the X-ray dif-

fraction (XRD) patterns of the composite electrodes (LZ82,

LZ55, LZ37). The detected patterns were indexed based on a

physical mixture of the cubic zirconia phase and the LSM

phase with a perovskite structure, indicating that no sec-

ondary phases were formed between them. The XRD pat-

terns of the cubic zirconia powders and LSM powders were

inserted for comparison. 

Figure 3 shows a schematic diagram of the OPM and the

microstructure of LZ55. As expected, the SE was almost

fully dense and the electrode was highly porous. In addition,

a good adhesion between the SE and the electrode was

achieved due to optimal thermal treatment (1100oC in air).

The average thickness of the electrode was ~ 15 μm.

3.2. EIS study and oxygen permeation

The high oxygen permeation flux is the most important

factor for the oxygen permeation membrane. For oxygen to

permeate through the membrane from the feed side to the

permeate side, as mentioned previously, the oxygen trans-

port through the membrane (bulk diffusion) and the surface

oxygen-exchange rate on both sides of the membrane (sur-

face-exchange kinetics) are important for the oxygen perme-

ation because the gas-solid mass transfer is fast enough to

be ignored. Accordingly, if the surface-exchange kinetics is

much faster than the bulk-diffusion, the oxygen permeation

rate is controlled by the bulk-diffusion (bulk diffusion limit),

and if reversed, it is governed by the surface exchange

kinetics (surface-exchange kinetics limit). Thus, high sur-

face-exchange kinetics should be made in order to obtain the

maximum oxygen permeation by the lattice diffusion of oxy-

gen ions through the membrane.1,2,4) It is known that fast

kinetics is realized at a low electrode resistance for oxygen

reduction/oxidation reactions in the surface of the mem-

Fig. 2. X-ray diffraction patterns of the composite electrodes
(LZ82, LZ55, LZ37) and those of the cubic zirconia
and LSM powders for comparison.

Fig. 3. SEM photographs of the zirconia SEs and composite electrodes. (a) LZ82, (b) LZ55 and (c) LZ37.
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brane.4,16) 

We investigated the electrochemical properties (electrode

and electrolyte resistances) of OPMs using 2-p ac imped-

ance spectroscopy as a function of temperature and various

P2 conditions. Fig. 4(a) shows representative impedance

spectra (i.e., a Nyquist plot) of the OPM with LZ82 mea-

sured at different temperatures in P2 ~ 0.01 atm. As indi-

cated in the figure, the left offset of the semicircular arc

(cross point to the left of the semicircular and the x-axis) is

the sum of the inductance (L) and ohmic resistance (Rohmic)

and the right offset (cross point to the right of the semicircu-

lar and the x-axis) is the electrode polarization resistance

(Rel) of the cell. It is known that most Rohmic values are due to

the electrolyte resistance (RSE) even though there are some

other reasons, such as electrode ohmic resistance (note that

the dominant charge carrier of doped zirconia is the oxygen

ion).17) As seen, the high-frequency offsets slightly move in

the direction of the zero point with an increasing tempera-

ture, which may be due to the large contribution of the oxy-

gen ionic conduction of the SE. On the other hand, Rel

significantly decreases with an increasing temperature

(note that the imperfect semicircular arcs correspond to

Rels), for example, Rel ~ 17 ohm at 850oC and ~ 45 ohm at

750oC. Rel also depends on P2, which increases at a low P2

(Fig. 4(b), note the increased Rel at a low P2 is due to the P2

side (permeated side) since P1 is all the same as air). The

depression of the arcs is known to be due to multiple reac-

tions involved in the polarization process of the electrode.16,18)

Fig. 4. The impedance spectra of OPM with LZ82 measured at different temperatures in P2 ~ 0.01 atm. Rohmic and Rel are the
ohmic resistance and the electrode resistance of the OPM. L is the inductance.

Fig. 5. (a) The temperature dependence of Rohmic, Rel and Rtotal in OPM with LZ82 and (b) the P2 dependence of Rp (slope : - 0.23,
- 0.23, - 0.25, - 0.27, - 0.27 for □, ○, △, ▽, ◇ respectively).
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The temperature dependence of Rohmic, Rel and Rtotal (Rohmic

+ Rel) is shown in Fig. 5(a). All resistances decreased with

an increasing temperature. Using numerical linear fitting,

the activation energies (Eas) of the resistances were com-

puted to be ~ 0.76 eV (Eohmic of Rohmic), ~ 0.88 eV (Eel of Rel)

and ~ 0.86 eV (Etotal of Rtotal). As seen in the figure, Eohmic was

close to the activation energy of the oxygen ionic conduction

of Sc-doped zirconia, making sure that Rohmic originated

from the SE resistance.17) Eel was higher than Eohmic, and

Etotal followed Eel because Rel was much higher than Rohmic.

Considering that LSM is highly conductive (metal conduc-

tion behavior, note that most of the composition in LZ82 is

LSM), we concluded that the observed Eel ~ 0.88 eV origi-

nated not from the ohmic resistance of the electrode but

from the polarization resistance of the electrode (Rp, espe-

cially Rp in P2. Rp ≈ Rel).
16) The origin of Rp can be revealed

through a Po2-denpedence study, although the polarization

reaction is very complex. It is known that the whole polar-

ization reaction involves many elementary reactions, such

as the diffusion of charge carrier species (oxygen ions and

electrons), gas diffusion, absorption and desorption, and

ionic incorporation.16) Fig. 5(b) shows the Rp at various val-

ues of P2. As seen, the resistance depends on the - 1/4 expo-

nent of P2, which means that the polarization origin is slow

oxygen-ionic diffusion in the surface reaction. Thus, in order

to enhance the electrode performance, electrode materials

should have a high oxygen ionic conduction. (Note that LSM

in LZ82, the electronic phase, is the main phase so the zirco-

nia, the ionic conducting phase, is not enough to make a per-

colation of the oxygen ionic diffusion.) A simple way to

enhance the oxygen ionic diffusion on the surface is to

increase the amount of zirconia in the electrode. Such a

strategy is very close to that for a high performance elec-

trode of solid oxide fuel cells.18,19) 

Figures 6(a) and (b) exhibit the impedance spectra of OPM

with LZ55 and LZ37 measured at different temperatures in

P2 ~ 0.01 atm. The Rels of LZ55 and LZ37 decreased while

the Rohmics values were similar to the Rohmic of LZ82. In par-

Fig. 6. The impedance spectra of the OPM with (a) LZ55 and (b)LZ37 measured at different temperatures in P2 ~ 0.01 atm. (c) A
comparison of the impedance patterns of the OPM with LZ82, LZ55 and LZ37 at 800oC and P2 ~ 0.01 atm. (d) A compar-
ison for all the measured temperatures as a function of the amount of the zirconia.
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ticular, the Rel of LZ55 significantly decreased as expected.

Even though the data measured at different values of P2 (P2

~ 0.21 atm and 0.0001 atm) are not shown here, the ten-

dency of Rel mostly decreasing in LZ55 is the same. In strat-

egy, increasing the amount of the zirconia might enhance

the oxygen ionic diffusion in the electrode and thus improve

the surface-exchange kinetics. Fig. 6(c) compares the imped-

ance spectra of all the samples obtained at 800oC. Rel in

LZ55 decreased to ~ 1 ohm at that temperature. The com-

parison for all measured temperatures as a function of the

amount of zirconia is shown in Fig. 6(d). At all measured

temperature, the LZ55 electrode shows the lowest electrode

resistance, implying that the best electrode material among

the tested samples is LZ55. As mentioned above, the lower

the polarization resistance, the better (or the faster) the sur-

face-exchange kinetics in the OPM. Thus the OPM with

LZ55 likely shows the high performance because of the oxy-

gen permeation. 

Figure 7(a) exhibits the oxygen permeation flux (Jo2) in

the OPM with LZ55 as a function of the applied current (0−

1.8 A/cm2). In the region below 1.2−1.4 A/cm2, Jo2 constantly

increased with the applied current, suggesting that the oxy-

gen permeation was mainly controlled by the applied cur-

rent. However, it became saturated over a certain applied

current as seen. As described previously, Jo2 depends on the

ambipolar conduction of the membrane (see Eqs. (1) and

(2)). Considering the zirconia SE, oxygen ionic conduction is

dominant and electronic conduction minor so that the ambi-

polar conduction is mainly determined by the electronic con-

duction. Under those conditions, supplying electrons by

applying current proportionally increases the electronic por-

tion, which increases the ambipolar conduction, which is the

reason Jo2 increases as the current increases. However,

applying more a certain value makes the electronic conduc-

tion dominant, which creates a situation in which the oxy-

gen ionic conduction becomes a bottle-neck for oxygen

permeation (σion < σel). Under this condition, Jo2 no longer

increases because the oxygen ionic conduction of the OPM

has a specific value depending only on the operation tem-

perature, and the value (the oxygen ionic conductivity) is

nearly unchanged as the applied current. The black solid

line in Fig. 7(a) indicates the theoretical value computed

using Eq. (4) (Faraday equation). The data measured at

825oC and 850oC agree well with the theoretical value under

~ 1.4 A/cm2 because the oxygen ionic conductivity is suffi-

cient to be high enough for ambipolar conduction. On the

other hand, the measured Jo2s below 800oC are slightly

lower than the solid line because of insufficient ionic con-

duction. The saturated values are also smaller at lower tem-

peratures because the ionic conductivity is lower than at

higher temperatures. The maximum Jo2s at 850oC and

750oC are ~ 3.5×10−6 mol/cm2s in I = 1.4 A/cm2 and ~1.9 mol/

cm2s in I = 1.2 A/cm2. Owing to the fact, the Faraday effi-

ciency is higher at elevated temperatures as seen in Fig.

7(b). For example, it was ~ 99% at 825oC and 850oC in 1 A/

cm2. More applied current decreases the efficiency. 

In order to compare with our oxygen permeation perfor-

mance with that of others, we inserted the reported value in

Fig. 7(a). The open-star symbols exhibit the performance of

the OPM consisting of the Sm-doped CeO2 (SDC) SE and

the Sr-doped LaFeO3 (LSF) electrode with a very high oxy-

gen ionic conduction and low polarization resistance. We

thought the value slightly lower than the theoretical value

in the SDC/LSF system was due to the generation of the

electronic conduction of the ceria SE. As seen, regardless of

the reason, our oxygen permeation is a little higher than

that or in a similar range, proving that the OPM with LZ55

in this study is also a good oxygen permeable membrane.

(Note that the SDC-LSF system is a very competitive OPM

in light of its oxygen permeation value.) 

Fig. 7. (a) The oxygen permeation flux in the OPM with
LZ55 as a function of the applied current (0 ~ 1.8 A/
cm2). The black solid line is the theoretical predic-
tion by Faraday’s Law. (b) the Faraday efficiency at
various temperatures.
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The saturated values in Fig. 7(a) were plotted as a func-

tion of temperature (Arrhenius plot, Fig. 8). The estimated

activation energy was ~ 0.57 eV and it is likely that the oxy-

gen permeation is affected by the oxygen ionic conduction of

Sc-doped ZrO2 (Ea of the oxygen ionic conduction is in a

range of 0.7−0.8 eV).17,20,21)

4. Conclusions

Oxygen permeating membranes (OPM) consisting of a

Zr0.895Sc0.095Ce0.005Gd0.005O2-δ (ScCeGdZ, solid electrolyte)/

aLa0.7Sr0.3MnO3-bScCeGdZ composite (LZab, electrode) were

designed to generate pure oxygen. Their electrical proper-

ties were investigated using 2-p ac impedance spectroscopy.

The results confirmed that LZ55 had the lowest electrode

resistance among LZ82, LZ55 and LZ37. The OPM with

LZ55 experienced an increased oxygen flux as the applied

current up to a certain current and the saturated OPM with

more applying. This behavior of the oxygen flux for the

applied current was explained considering the ambipolar

conduction of the membrane. The OPM with LZ55 exhibited

~ 3.5×10−6 mol/cm2s in I = 1.4 A/cm2 and also demonstrated

high Faraday efficiency for oxygen permeation. It reached

~ 99% under 1 A/cm2 at elevated temperatures.
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