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Abstract

Oxygen transport in an LSM/YSZ/LaAlO solid oxide fuel cell type reactor was studied. The oxygen permeation flux was
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.90× 10 mol m s at 1173 K with an activation energy of 170 kJ mol. By applying an external potential, the oxygen permea
ux increased while the activation energy of oxygen permeation decreased. The oxygen permeation fluxes under methane feed
ide are 1–2 orders of magnitude higher than those under helium feed. A model of oxygen permeation was presented and the pe
ameters were proposed. In the case of helium feed, the oxygen permeation at the LaAlO anode was the rate-limiting step. Howev
elium to methane as a reactive gas, the resistances for the oxygen permeation in the three parts (LSM/YSZ/LaAlO) were compa
2004 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cell (SOFC) is a promising energy con-
ersion technology for future applications[1,2]. In our pre-
ious papers, the SOFC system was applied as a selective
xidation reactor for chemical energy co-generation. Partic-
lar focuses were on catalyst preparation method[3–5] and
eactor performance test[6–8]. In these studies, the oxidative
oupling of methane to ethane and ethylene (C2) was stud-
ed. The solid electrolyte was used as an oxygen separator
nd an oxygen distributor to achieve high C2 selectivity. In

hese electrocatalytic systems, combined effects of activation
f oxygen on an anode and permeation of oxygen through
n yttria stabilized zirconia (YSZ) controlled the reactor
erformance.
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Therefore, the oxygen transport through the electroch
ical system should be studied. Several research g
have published their experimental results on the ov
oxygen permeation through many oxygen-permeable
trolyte membranes such as YSZ[9], calcia stabilized zirco
nia (CSZ)[10], mixed ion-electronic conducting materi
such as La1−xSrxCo1−yFeyO3−δ (LSCF) [11,12] and othe
perovskite-type ceramics, for example, Bi1.5Y0.3Sm0.2O3−δ

(BYS) [13,14], BaBixCo0.2Fe0.8−xO3−δ [15], BaCo0.4
Fe0.6−xZrxO3−δ [16].

Several studies focused on the steady-state oxygen p
ation in membrane reactors for oxidation reactions, for ex
ple, partial oxidation of methane[17] and oxidative couplin
of methane[14,18]. However, very limited studies on ox
gen permeation in the SOFC reactors have been reporte
conventional YSZ electrolyte has been widely used to pro
the electrochemical permeation of oxygen for the oxida
coupling of methane[3–8]. The use of external potential
well as the effect of non-Faradaic electrochemical modi
tion of catalytic activity (NEMCA) are of recent interest.
385-8947/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Nomenclature

Aj pre-exponential factor of conductivity
(S K m−1)

APer pre-exponential factor of oxygen permeation
(mol m−2 s−1)

E electromotive force (V)
Ej activation energy of conductivity (J mol−1)
EPer activation energy of oxygen permeation

(J mol−1)
F Faraday’s constant, 96487 (C mol−1)
JO2 oxygen permeation flux (mol m−2 s−1)
kO2-perm overall oxygen ions recombination and diffu-

sion coefficient (mol m−2 s−1)
kO2-Rxn oxygen surface reaction coefficient

(mol m−2 s−1 Pa−1)
kV proportional constant (mol m−2 s−1 V−1)
L thickness of material (m)
Per, O specific oxygen permeability (mol m−1 s−1)
Pfeed oxygen partial pressure at feed side (cathode

side) (Pa)
Plean oxygen partial pressure at lean side of materials

(Pa)
PO2(I) oxygen partial pressure at the gas–membrane

interface (Pa)
PO2(II) oxygen partial pressure at membrane–gas in-

terface (Pa)
Pperm oxygen partial pressure at permeate side (anode

side) (Pa)
Prich oxygen partial pressure at rich side of materials

(Pa)
Rg gas constant, 8.314 (J mol−1 K−1)
T temperature (K)
VPer applied external potential during steady-state

permeation (V)

Greek letters
α permeation rate constants in interface diffusion

step (mol m−2 s−1 Pa−1/2)
β permeation rate constants in bulk diffusion step

(mol m−1 s−1 Pa−1/4)
σ conductivities (S m−1)

Subscripts
e electronic
i ionic

In the previous paper[8], the fuel cell type temperature-
programmed desorption (FC-TPD) was studied on the
LSM/YSZ/LaAlO system. Increasing the applied potential
increased the amount of adsorbed oxygen. The change in the
selectivity of active sites gave a new aspect to the NEMCA
phenomena in the oxidative coupling of methane in the SOFC

reactor. The applied potential also decreased the activation
energy of desorption of oxygen at the anode catalyst[19]. In
addition, the FC-TPD analysis could correlate the behavior
of adsorbed oxygen species to the NEMCA effect.

In this study, the steady-state oxygen permeation using
helium or methane as an anode gas was investigated. The
effect of applied potential on the oxygen permeation through
the LSM/YSZ/LaAlO in the SOFC reactor was studied. In
addition, a model of oxygen permeation was proposed.

2. Experimental

2.1. Apparatus

The schematic diagram of the solid oxide fuel cell type
reactor is illustrated inFig. 1. A tube-type YSZ mem-
brane (8 mol% Y2O3, thickness = 1.5 mm, inside diame-
ter = 18 mm, outside diameter = 21 mm, length = 500 mm, ef-
fective surface area = 0.0148 m2) was used as an electrolyte.
La1.8Al0.2O3 (abbreviated as LaAlO) prepared by a mist de-
composition method was used as an anode catalyst on the in-
ner surface of the tube while La0.85Sr0.15MnO3 (abbreviated
as LSM) prepared by paste method was used as the cathode
on the outer surface[7,8]. Details of the electrode preparation
m

aced
o . The
o to a
g po-
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w l.
ethods were described elsewhere[3,4,7].
Platinum wire was connected to platinum meshes pl

n both electrode surfaces to serve as current collectors
utlet gas from the anode side was directly connected
as chromatograph for analysis of gas composition. A

entiostat was used to supply an external electrical p
ial to the system. Oxygen transport from the cathode
o the anode side was promoted under the applied po
otential.

.2. Steady-state oxygen permeation

Steady-state oxygen permeation measurements wer
ormed at various temperature levels: i.e.,T= 1073, 1123
173, 1223 and 1273 K. Helium (1.36× 10−5 mol s−1) and
xygen (1.02× 10−5 mol s−1) were fed to the anode and t
athode, respectively. The oxygen permeation flux was c

ated from the flow rate and composition of the anode exit
he flow rate and its composition was measured and ana
y a bubble flow meter and a gas chromatograph with a
etector, respectively. Sampling was conducted every 5
ntil reaching a steady-state condition (approximately 0.
nother set of steady-state oxygen permeation was ca
ut by using methane (6.8× 10−6 mol s−1) as an anode re
ctant gas at various temperature levels: i.e.T= 1073, 1123
173, 1223 and 1273 K. In this case, permeated oxyge
eacted with methane to produce oxygen, containing sp
uch as CO, CO2, H2O. Thus, the oxygen permeation flux w
stimated by analyzing these oxygen-containing prod
he steady-state measurements for both sets of experi
ere carried out at various levels of the applied potentia
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Fig. 1. Schematic diagram of the solid oxide fuel cell type reactor. (1) Anode side feed (He/CH4), (2) exit gas from anode side, (3) cathode side feed (O2), (4)
exit gas from cathode side, (5) platinum wire, (6) platinum mesh, (7) YSZ tube, (8) anode (LaAlO), (9) cathode (LSM), (10) quartz tube, (11) thermocouple,
(12) temperature indicator, (13) temperature recorder, (14) ammeter/voltmeter/potentiostat, (15) temperature controller, (16) furnace.

3. Results and discussion

3.1. Oxygen transport model

3.1.1. Oxygen permeation through thin YSZ membranes
modeled by Han et al.[9]

In our previous study on the micro fuel cell system[20],
we have referred an oxygen permeation model presented by
Han et al.[9]. The proposed permeation process is summa-
rized inFig. 2. In their study, a thin YSZ membrane prepared
by the electrochemical vapor deposition (EVD) method was
employed. The oxygen permeation flux can be described by
the following equations[9].

At gas-membrane interface of the cathode side:

JO2 = α(P1/2
rich − P

1/2
O2(I) ) (1)

In bulk oxide of YSZ:

JO2 = β

L
(P1/4

O2(I) − P
1/4
O2(II) ) (2)

At membrane–gas interface of the anode side:

JO2 = α(P1/2
O2(II) − P

1/2
lean) (3)

The rate parametersα and β at T= 1173 K are
9.4× 10−7 mol m−2 s−1 Pa−1/2 and 5.2× 10−11 mol m−1

s−1 Pa−1/4, respectively. The activation energy ofα andβ are
53.1 kJ mol−1 K−1 and 72.0 kJ mol−1 K−1, respectively. As

Fig. 2. Oxygen permeation process through thin YSZ membranes prepared
by the electrochemical vapor deposition (EVD) method supported on�-
alumina reported by Han et al.[9].
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shown inFig. 2, this system was operated under open circuit
without the anode and cathode electrodes. One percent of
hydrogen in helium was used as a reacting sweep gas. These
conditions were not the same as our present system, which
was operated under closed circuit with or without applied
potential with LSM as the cathode and LaAlO as the anode
catalyst.

3.1.2. A model for the oxygen permeation through the
LSM/YSZ/LaAlO

In this study, an oxygen permeation model through the
LSM/YSZ/LaAlO fuel cell type reaction system with closed
circuit and applied potential is proposed. Schematic models
of oxygen permeation are shown inFig. 3. The circuit was
closed to allow the electron transfer. Two kinds of carrier gas
were used: i.e. helium (Fig. 3(a)) and methane (Fig. 3(b)).

In the case of helium feed without applied potential,
Fig. 3(a) shows general reaction paths as follows: (1) electro-
chemical reduction at the LSM surface to form oxygen ions,
(2) incorporation of oxygen ions into the YSZ lattice, (3) re-
combination and desorption of oxygen ions to form oxygen
molecules at the LaAlO anode.

The permeation of oxygen through an electrochemical me-
dia depends upon ionic conductivity (σ i ) and electronic con-
ductivity (σe) of the media. Assuming surface concentration
of oxygen ions is equilibrated with gas phase, they can be
estimated from the following equations[21].

JO2 = Per, O2

L
ln

(
Prich

Plean

)
(4)

Per, O2 = RgT

16F2

σiσe

σi + σe
(5)

σj =
(

Aj

T

)
exp

(−Ej

RgT

)
; j = i,e (6)

The ionic conductivities of LSM (σ i-LSM) [22], the electronic
conductivities of LSM (σe-LSM) [23,24], the ionic conductiv-
ities of YSZ (σ i-YSZ) [25] and the electronic conductivities
of YSZ (σe-YSZ) [26] were cited from the literatures and the
values are summarized inTable 1.

However, these values of LaAlO are not available in the
literature. Due to the recombination and desorption of oxy-
gen ions to form oxygen molecules at the LaAlO anode, the
overall rate of these processes at LaAlO might be estimated
Fig. 3. Proposed schemes for oxygen permeation
 through LSM/YSZ/LaAlO under various conditions.
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Table 1
Values of parameters for the calculations of oxygen permeation flux

Parameters Aj (S K m−1) Ej (kJ mol−1) Reference

σ i-LSM (S m−1) 2.311× 1011 284 [22]a

σe-LSM (S m−1) 8.855× 107 9 [23]b, [24]c

σ i-YSZ (S m−1) 7.121× 107 88 [25]
σe-YSZ (S m−1) 9.244× 105 87.5 [26]

LLSM = 1× 10−6 m, LYSZ = 1.5× 10−3 m, LLaAlO = 5× 10−6 m.
a At 1173 K, the value was interpolated between La0.95Sr0.05MnO3

and La0.8Sr0.2MnO3, and at 1273 K between La0.9Sr0.1MnO3 and
La0.8Sr0.2MnO3.

b σe-LSM was given at 1173 K.
c The activation energy was shown in the table.

from Eq.(7)

JO2 = kO2-perm ln

(
Prich

Plean

)
(7)

wherePrich andPlean represent partial pressure of oxygen at
the rich and lean sides of LaAlO, respectively.

When the permeation is at steady-state, the oxygen per-
meation flux across different parts of the cell is equal to the
observed experimental results.

JO2,Exp = JO2,LSM = JO2,YSZ = JO2,LaAlO (8)

The values ofkO2-perm of LaAlO at different temperatures
were determined by using an all-purpose equation solver,
EQUATRAN-G (Omega Simulation, Japan).Prich of LSM is
partial pressure of oxygen at the feed side (101.3 kPa) while
Plean of LaAlO is partial pressure of oxygen at the permeate
side, which are calculated from the experiments. The esti-
matedkO2-perm value was shown as follows.

kO2-perm = 0.413 exp

(−170400

RgT

)
(9)

In the case of methane feed without applied potential, oxygen
ions directly reacted with methane at the anode (Fig. 3(b)).
It was expected that the oxygen permeation rate could be
enhanced. Due to the chemical reaction at the anode cata-
l artial
p . The
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lationship between applied potential and oxygen permeation
flux was assumed and the following equation could be pro-
posed.

JO2 = JO2,0V + kVVPer (11)

The values ofJO2,0V without applied potential can be calcu-
lated by Eqs.(4)–(6)and(7) for the helium feed case and by
Eqs.(4)–(6)and(10)for the methane feed case, respectively.

3.2. Steady-state oxygen permeation results

3.2.1. Helium feed
Fig. 4 shows the effect of the applied potential on the

oxygen flux at various temperatures. Linear relationships be-
tween the oxygen permeation flux and the applied potential
were observed for all different temperatures. As shown in
Fig. 4, the oxygen could be permeated without applied po-
tential due to the system possessed an internal “concentration
cell” potential as a driving force. For example, the concen-
tration cell potential is 0.225 V at 1223 K. This value agrees
well with OCV value calculated from Nernst equation.

E = RgT

4F
ln

(
Pfeed

Pperm

)
(12)

Therefore, we can assume surface oxygen concentration at
t as
p

d

k

F
e sent
t
o and
a

ht
l

J

F es by
s e.
yst surface, the overall reaction rate could depend on p
ressure of methane and surface oxygen concentration
xygen surface reaction coefficient (kO2-Rxn) was estimate

rom experimental oxygen permeation flux by the follow
quation.

O2 = kO2-RxnPCH4ln

(
Prich

Plean

)
(10)

o oxygen was observed in gas phase of the permeat
ue to reactions with methane. The surface oxygen ma
e in the equilibrium with oxygen in gas phase. Howe

he surface oxygen concentration in methane feed cou
ssumed similar to the helium case. Therefore,Plean in the
elium case was used in Eq.(10)

In the case of closed circuit with applied potential, it w
xpected that the oxygen transfer could be accelerated

ncreasing applied potential (inFig. 3(c and d)). Linear re
he lean side of LaAlO is in equilibrium with oxygen in g
hase at the permeate side.

The proportional constants (kV) from Eq. (11) could be
etermined from the slopes and expressed as Eq.(13).

V,He = 0.102 exp

(−122700

RgT

)
(13)

ig. 5shows the plots between ln(JO2) and 1000/T at differ-
nt levels of the applied potential. The solid lines repre

he results calculated from Eqs.(4)–(7), (11) and(13). The
xygen flux increases with the increasing temperature
pplied potential.

The solid lines inFig. 5, can be approximated by straig
ines of Arrhenius’ plots by Eq.(14).

O2 = APerexp

(−EPer

RgT

)
(14)

ig. 4. Effect of applied potential on oxygen flux at various temperatur
teady-state permeation experiments using helium feed at anode sid
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Fig. 5. Arrhenius’ plot between ln(JO2) and 1000/T at different levels of
applied potential by steady-state permeation experiments using helium feed
at anode side.

The overall activation energy of the oxygen transport through
the cell (EPer) was calculated from the slopes and the results
are shown inTable 2. The activation energy is decreased from
170 kJ/mol in case of closed circuit with no applied potential
to 119 kJ/mol with applied potential is 2 V. TPD experiments
have shown that the applied potential also decreased the ac-
tivation energy of the oxygen desorption from 140 kJ/mol to
93 kJ/mol when applied potential 2 V[19]. Comparing these
values, the activation energies of oxygen permeation are close
to the activation energies of oxygen desorption.

The dashed line inFig. 5shows the results calculated from
Han’s model[9]. The comparison of our model with Han’s
model will be described later (Section3.2.4).

3.2.2. Methane feed
Instead of helium, methane was fed to the anode chamber

to react with the permeating oxygen. At 1273 K, the electro-
motive force from the experiment is 1.09 V, which is near to
the theoretical value of ethylene formation (1.05 V). Linear
relationships between the oxygen permeation flux and the ap-
plied potential were observed for all different temperatures
as shown inFig. 6. The proportional constants (kV) from Eq.
(11)could be determined from the slopes and the expression
is shown in Eq.(15).

k

(−104150
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2

Fig. 6. Effect of applied potential on oxygen flux at various temperatures by
steady-state permeation experiments using methane feed at anode side.

Fig. 7. Arrhenius’ plot between ln(JO2) and 1000/T at different levels of
applied potential by steady-state permeation experiments using methane feed
at anode side.

tal oxygen permeation flux by using Eq.(8) was shown as
follows.

kO2-Rxn = 8.577× 10−3 exp

(−195100

RgT

)
(16)

The solid line withVPer= 0 V represents the calculated results
by Eqs.(4)–(6), (10)and(16). The solid lines forVPer= 0.5 V,
1 V and 2 V were calculated by Eqs.(4)–(6), (10), (11) and
(15), (16).

The solid lines inFig. 7can be approximated by straight
lines of Arrhenius’ plots by Eq.(14). The overall activation
energy of the oxygen transport through the cell (EPer) was cal-
culated from the slopes and the results are shown inTable 3.
The applied potential increases the oxygen flux and also de-
creases the activation energy of the oxygen transport.

Compared with the helium feed case, the oxygen flux is
significantly improved when methane is fed to the anode side.
The oxygen permeation fluxes under the methane feed are 1–2

Table 3
Summary of the values of pre-exponential factors of oxygen permeation and
activation energy at different levels of applied potential from steady-state
permeation results using methane feed at anode side

VPer (V) APer (mol m−2 s−1) EPer (kJ mol−1)

0 3.632× 104 219
0
1
2

V,CH4 = 0.875 exp
RgT

(15)

ig. 7shows the plots between ln(JO2) and 1000/T at differ-
nt levels of the applied potential. The oxygen flux with
ethane feed was estimated from the equivalent rate of
en required for the oxidation reaction. The oxygen sur
eaction coefficient (kO2-Rxn) estimated from the experime

able 2
ummary of the values of pre-exponential factors of oxygen permeatio
ctivation energy at different levels of applied potential from steady-
ermeation results using helium feed at anode side

Per (V) APer (mol m−2 s−1) EPer (kJ mol−1)

3.499 170
.5 1.280 154

0.675 144
0.157 119
.5 186.9 157
82.84 145
15.77 124
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orders of magnitude higher than those under the helium feed.
It is clear that the reaction of methane with the permeated
oxygen at the anode catalyst significantly improves the over-
all oxygen permeation flux due to the surface oxygen kinetics
with methane. The dashed line inFig. 7represents the Han’s
model.

3.2.3. Oxygen partial pressure profiles and permeation
mechanism

Fig. 8 shows the oxygen partial pressure profile from
the simulation results at 1223 K. In the case of the he-
lium feed (solid line), it is obvious that the major oxygen
permeation resistance through the cell or the rate-limiting
step of this system is at the LaAlO electrode. Although
the thickness of YSZ electrolyte is much more than the
electrodes, the resistance of YSZ electrolyte is negligible.
With the methane feed case (dashed lines), the resistances
of three steps are comparable; consequently, the rate steps
at the cathode and the electrolyte need to be taken into
account.

In the case without methane, oxygen ions release electrons
and recombine into oxygen molecules, which are then des-
orbed into the gas phase. On the other hand, with the methane
feed, oxygen ions could directly react with methane to form
CO2, CO and C2 hydrocarbons.

the
b um
f in the
s n and
d cies
w se of
o

3
tion

fl

F ygen
p 3 K
(

case of helium feed, the oxygen permeation flux is indepen-
dent on the YSZ thickness as noted in the previous section
that LaAlO is the rate-limiting step. However, in the case of
methane feed, the resistance of YSZ electrolyte is compara-
ble to that of LaAlO. The rate of oxygen permeation depends
on the YSZ electrolyte. The flux increases with decreasing
the thickness of YSZ electrolyte membrane. However, for
YSZ with thickness below 10�m, there is no significant im-
provement on the oxygen flux. The tendency is the same for
T= 1223 K and 1273 K.

3.2.5. Estimation of oxygen permeation from a model
proposed by Han et al.[9]

Han et al.[9] proposed Eqs.(1)–(3) for the permeation
of oxygen through YSZ membrane but their system was
tested under unusual conditions; i.e. very thin YSZ mem-
brane of 2–15�m, low oxygen partial pressure in an oxy-
gen source chamber of 5.33 kPa and without external cir-
cuit (open circuit). Dashed lines inFigs. 5 and 7show the
oxygen permeation flux calculated from Eqs.(1)–(3) using
a YSZ with thickness of 1.5 mm. The estimated oxygen flux
is much larger than that of the helium feed (compared with
VPer= 0 in Fig. 5) and far less than that of the methane feed
(compared withVPer= 0 in Fig. 7). This tendency can be
understood by considering that the sweep gas of the per-
m ents
[

n of
t par-
t ment
o d in
t ould
b y be
t
F
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b an-
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d

l of
t gen
t

F thane
c

Mechanisms of the oxygen activation on the LSM and
ulk transport of O2− in YSZ might be the same as the heli
eed case as shown in the previous sections. The change
urface reaction step on the anode from the recombinatio
esorption of oxygen ion to the reaction of oxygen spe
ith methane would be the main reason for the increa
xygen flux for the methane feed.

.2.4. Effect of YSZ thickness
The effect of YSZ thickness on the oxygen permea

ux is simulated and the results are shown inFig. 9. In the

ig. 8. The mechanism of oxygen permeation and the profile of ox
artial pressure in LSM/YSY/LaAlO from the simulation results at 122
solid line: helium feed, dashed line: methane feed).
eate side contained 1% of hydrogen in their experim
9].

Hydrogen in the sweep gas caused the promotio
he oxygen permeation by the surface reaction but the
ial pressure was too low to complete the enhance
f the oxygen permeation. When hydrogen was mixe

he sweep gas, an electromotive force of about 1 V sh
e generated between the two electrodes. This ma

he reason of the agreement with the plot ofVPer= 1 V in
ig. 5.

The differences in the activation energy should be ca
y the differences in the surface reaction on the
de material. Further studies are required to find m
etails.

All these results show that it is essential for the mode
he SOFC-type reactor to include the permeation of oxy
hrough the cathode, the electrolyte and the anode.

ig. 9. Effect of YSZ thickness on oxygen permeation in helium and me
ase.
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4. Conclusion

The oxygen transport through the LSM/YSZ/LaAlO
SOFC-type reactor was studied at various operating con-
ditions. The oxygen permeation flux was 8.90× 10−8

mol m−2 s−1 at 1173 K with an activation energy of
170 kJ mol−1. Increasing the applied potential increased the
oxygen permeation fluxes by one order of magnitude and re-
duced the activation energy of the oxygen permeation. The
oxygen permeation fluxes under the methane feed are 1–2
orders of magnitude higher than those under the helium feed.
A model of oxygen permeation was proposed. In the helium
case, the oxygen permeation at the LaAlO anode was the
rate-limiting step for the oxygen permeation. However, by
changing helium to reactant gas as methane, the resistances
in the three parts (LSM/YSZ/LaAlO) become comparable.
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