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Measurement of O2-N2 Effective Diffusivity in Porous Media
at High Temperatures Using an Electrochemical Cell
Feng Zhao,* Tad J. Armstrong,** and Anil V. Virkar ** ,z

Department of Materials Science and Engineering University of Utah, Salt Lake City,
Utah 84112, USA

The effective diffusivity of O2-N2 in porous media was measured at high temperatures~650-800°C!using an electrochemical
concentration cell. Porous membranes having total porosity between 29 and 48 vol% were fabricated from Sr-doped LaMnO3

~LSM! with 20 to 30 wt% carbon added as a pore former. The O2-N2 effective binary diffusivity,DO2-N2

eff , at 800°C increased from

;0.016 to;0.12 cm2/s with increasing open porosity between 15 and 44 vol%. TheDO2-N2

eff exhibited a nonlinear dependence on
open porosity and increased dramatically for samples with greater than 35 vol% open porosity. The estimated effective Knudsen
diffusivities of O2 and N2 , DO2K

eff and DN2K
eff , at 800°C were an order of magnitude higher than the effective binary diffusivity,

DO2-N2

eff . Thus, O2-N2 transport through the porous membranes was governed by the effective binary diffusivity,DO2-N2

eff . The

effects of O2-N2 effective binary diffusivity,DO2-N2

eff , on concentration polarization of cathodes for solid oxide fuel cells were

assessed. The nonlinear behavior of the O2-N2 effective diffusivity as a function of open porosity indicates that a critical amount
of porosity in the cathode is necessary to ensure that the overpotential due to concentration polarization is small. The temperature
dependence ofDO2-N2

eff was investigated between 650 and 800°C, which was found to be in accord with the Chapman-Enskog
model.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1540156# All rights reserved.
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The contribution of concentration polarization to the total pol
ization at both the anode and cathode of solid oxide fuel c
~SOFCs!can be substantial.1,2 The effects of concentration polariza
tion are most pronounced in electrodes of low porosity and at h
current densities. In electrode-supported SOFCs, the contributio
ohmic polarization~IR drop! of a thin electrolyte to the total over
potential of the cell is small as compared to that of an electroly
supported SOFC. In fact, anode-supported SOFC have been rep
wherein the contribution of the electrolyte ohmic polarization~IR
drop! is less than that of the combined polarization losses at the
electrodes. Thus, in the case of electrode-supported SOFCs
maximum current density attainable is largely limited by polariz
tion losses at the electrodes. In electrode-supported SOFCs, o
the two electrodes, either anode or cathode, is fabricated of a th
ness large enough to function as a support and thereby lend
chanical integrity. However, this does not mean that concentra
polarization of the support electrode is necessarily greater than
of the thin electrode. For example, anode-supported SOFCs are
tinely fabricated with anodes consisting of NiO and YSZ compos
that are subsequently reducedin situ resulting in highly porous Ni
and YSZ cermets. Measurements conducted on anode-supp
SOFCs show that overpotential at the thick anode can often be
than that at the thin cathode. Typically, cathodes are fabricated f
an electrocatalyst such as Sr-doped LaMnO3 or Sr-doped LaCoO3 .
In order to generate some porosity, a pore former is typically ad
and the cathode is fired at temperatures high enough to part
sinter the electrocatalyst, without in the process reducing poro
However, the amount of porosity necessary to ensure that the
centration polarization is sufficiently small in a cathode at opera
temperatures is not very well understood.

Concentration polarization at the cathode is related to the re
tance to transport of oxygen gas to the physically distinct catho
electrolyte interface. Concentration polarization at a given cur
density depends upon the partial pressure of oxygen in the oxid
cathode porosity, pore size, and thickness. The cathode-limited
rent density arises when the partial pressure of oxygen at
cathode/electrolyte interface is nearly zero. For values of cur
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density lower than the limiting current density, the partial press
of oxygen at the cathode/electrolyte interface is finite~greater than
zero!. Under such conditions, the current density is proportiona
the difference in partial pressures of oxygen in the cathode cham
~outside the cathode!, and that at the cathode/electrolyte interf
with the proportionality constant which includes the effective bina
diffusivity of O2-N2 , DO2-N2

eff .

Substantial concentration polarization may well arise from
cathode. Thus, it is desirable to measure the effective O2-N2 diffu-
sivity in porous media at high temperatures. A considerable amo
of work in the field of experimental and theoretical treatments of
effective diffusivity in porous media has been reported in the op
literature.3,4 Gas transport in porous media is complex and includ
contributions from bulk, Knudsen,a! and surface diffusion, as well a
viscous flow. The analysis of gas flow is further complicated
interactions with pore structure, for example adsorption/desorp
processes on the internal surfaces of porous media. The effe
diffusivity of mixed gases has been measured using technique
cluding gas chromatography~GC!,5,6 steady-state diffusion cells
transient diffusion cells, thermogravimetry using a microbalanc7

and zero-length columns.8 Measurements of effective diffusivity by
all of these methods are conducted at a pressure of one atmos
and in the temperature range from 30 to 300°C. From the standp
of SOFCs, however, the more interesting value of O2-N2 effective
diffusivity is that measured at 800°C, which is the typical operat
temperature of anode-supported SOFCs.

In this study, the effective binary diffusivity of O2-N2 through
porous media was measured over a range of temperatures bet
650 and 800°C using an electrochemical concentration cell. M
surements were conducted on porous discs of Sr-doped LaM3
with total porosity ranging between 29 and 48%. The electroche
cal cell allowed for an accurate control of the oxygen partial pr
sure within the sealed cell chamber. Thus, one side of the po
membrane was exposed to ambient conditions (pO2

5 0.21 atm!

while the oxygen partial pressure on the other side was caref
regulated with the concentration cell. The effective binary diffus
ity of O2-N2 was calculated based on the measured oxygen
through the porous membrane under steady-state conditions.

a! In Knudsen diffusion dominated flow, the pore radius~assumed cylindrical! is
equal to or less than the molecular mean free path, such that gas molecules collide
frequently with pore walls than with other molecules.
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Theoretical Analysis

Analysis of gas transport through porous bodies can be d
using the method of effective diffusivities, which explicitly accoun
for pore volume and tortuosity, or using the Dusty gas model
which the material comprising the solid part of the porous body
treated as an additional gaseous species with enormous mass
thus is effectively immobile.9 In what follows, we will use the
method of effective diffusivities.

Isothermal, binary transport of O2 and N2 through a porous me
dium can be phenomenologically described by the following eq
tions ~wherein 1 denotes O2 and 2 denotes N2)9

J1 5 2D1¹n1 1 X1d1J 2 X1g1S nBo

m D¹p @1#

J2 5 2D2¹n2 1 X2d2J 2 X2g2S nBo

m D¹p @2#

where

d1 5
D1K

eff

D1K
eff 1 D12

eff
and d2 5

D2K
eff

D2K
eff 1 D12

eff
@3#

g1 5 1 2 d1 5
D12

eff

D1K
eff 1 D12

eff
and g2 5 1 2 d2

5
D12

eff

D2K
eff 1 D12

eff
@4#

1

D1
5

1

D1K
eff

1
1

D12
eff

and
1

D2
5

1

D2K
eff

1
1

D12
eff

@5#

wheren1 andn2 are the concentrations of 1 and 2~in no. per cubic
meter or no. per cubic centimeter!, respectively,X1 andX2 are the
mole fractions of 1 and 2, respectively,n is the total concentration,m
is viscosity~Pa s or dyne s!,Bo is permeability (m2 or cm2), P is
total pressure (N/m2 or dyne/cm2), J1 andJ2 are the fluxes of 1 and
2, respectively,J is the total flux,D1K

eff and D2K
eff are the effective

Knudsen diffusivities of 1 and 2, respectively (m2/s or cm2/s), and
D12

eff is the effective binary diffusivity. The effective Knudsen diffu
sivities,D1K

eff andD2K
eff , are related to the Knudsen diffusivitiesD1K

andD2K by

D1K
eff 5

D1KVv

t
and D2K

eff 5
D2KVv

t
@6#

whereVv is the volume percent of porosity andt is the tortuosity
factor.

If the pore size is sufficiently large, the effects of Knudsen d
fusion may be neglected. Thus, ifD1K

eff and D2K
eff @ D12

eff , the flux
equations reduce to

J1 5 2D12
eff¹n1 1 X1J 2

X1nD12
eff

D1K
eff

B0

m
¹p @7#

J2 5 2D12
eff¹n2 1 X2J 2

X2nD12
eff

D2K
eff

B0

m
¹p @8#

In the above, we have replacedD1K
eff 1 D12

eff and D2K
eff 1 D12

eff by,
respectively,D1K

eff andD2K
eff . Consider the application of above equ

tions to an SOFC cathode. When an SOFC is operated under lo
net current density flows through the cell. The corresponding flux
molecular oxygen flows from the cathodic chamber, through
porous cathode, to the cathode/electrolyte interface, where ox
molecules are converted into oxygen ions, and are incorporated
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the electrolyte for further transport towards the anode. In a ste
state, the partial pressure of oxygen at the cathode/electrolyte i
face will be fixed, and will be a function of porosity, tortuosit
factor, thickness, and the current density. The transport of oxy
through the porous cathode can then be described by Eq. 7. The
of nitrogen, similarly, is described by Eq. 8. However, no net tra
port of nitrogen can occur through the electrolyte, as the electro
only conducts oxygen ions. Under a steady state, therefore, nitro
flux must be zero everywhere. That is, under a steady stateJ2

5 0 since the nitrogen flux is zero. Thus, Eq. 7 can be rewritten

J1 5 2D12
eff¹n1 1 X1J1 2

X1nD12
eff

D1K
eff

Bo

m
¹p @9#

and Eq. 8 as

0 5 2D12
eff¹n2 1 X2J1 2

X2nD12
eff

D2K
eff

Bo

m
@10#

Adding Eq. 9 and 10,

J1 5 2D12
eff¹~n1 1 n2! 1 ~X1 1 X2!J1 2

X1nD12
eff

D1K
eff

Bo

m
¹p

2
X2nD12

eff

D2K
eff

Bo

m
¹p @11#

Assuming the applicability of the ideal gas equation of state,
have

n1 5
p1

kBT
, n2 5

p2

kBT
and n 5 n1 1 n2 5

p1

kBT
1

p2

kBT

5
p

kBT
@12#

where,kB is the Boltzmann constant. We also know thatX1 1 X2

5 1. Substitution into Eq. 11 gives

0 5 F D12
eff

kBT
1

X2nD12
eff

D2K
eff

B0

m
1

X1nD12
eff

D1K
eff

B0

m G¹p @13#

Equation 13 implies that¹p 5 0 and the flux equations reduce to

J1 5 2D12
eff¹n1 1 X1J1 @14#

or

J1 5
2D12

eff

~1 2 X1!
¹n1 @15#

Using Eq. 12, the fluxJ1 is given by

J1 5
2D12

eff

kBT

p

~p 2 p1!
¹p1 @16#

The flux of oxygen molecules,J1 ~mol cm22 s21) is related to
current density by

J1 5
i

4F
@17#

wherei is current density andF is the Faraday constant. Substitutio
into Eq. 16 for one-dimensional transport gives

iNAkBTdx

4FD12
effp

5
2dp1

~p 2 p1!
@18#
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whereNA is Avogadro’s number. In an actual SOFC, it is not po
sible to measure the partial pressure of oxygen at the cath
electrolyte interface. However, transport characteristics of the c
ode can be independently and experimentally investigated by
electrochemical cell of the type shown in Fig. 1a, which is a sc
matic of the electrochemical cell used in this study for the meas
ment of the O2-N2 effective diffusivity. The electrochemical ce
consists of a disc of an oxygen-ion-conducting material~e.g.,yttria-
stabilized zirconia, YSZ!, sealed to a YSZ cylinder using a suitab
glass. Platinum electrodes are applied to both the disc as well as
of the cylinder, as shown in Fig. 1a. At the other end, a porous
of a prospective cathode is attached, again using a suitable g
The entire assembly is heated to an elevated temperature, a
direct current voltage is applied across the electrodes on the
disc, so as to pump out oxygen from the cylinder. As the par
pressure of oxygen in the cylinder (pi or pO2) is lowered, oxygen
from the ambient diffuses through the porous disc, into the cham
~cylinder!. Under a steady state, thepO2 in the cylinder is lower
than that in the ambient. ThispO2 can be measured electrochem
cally using the electrodes applied to the YSZ cylinder, which se
as sensing electrodes. The flux of oxygen through the porous di
described by the preceding equations. Also, as no nitrogen can t
port through the YSZ disc, it is clear that under a steady state
transport of nitrogen occurs through the porous disc. In this se
the electrochemical cell simulates conditions experienced by
SOFC cathode, with the opportunity to precisely know what thepO2

in the cylinder is; or what thepO2 at the cathode/electrolyte inter
face is in an actual SOFC, under a given set of conditions.

Figure 1b shows a schematic of a porous LSM disc, with

Figure 1. ~a! A schematic of the electrochemical cell used to measure
effective binary diffusivity,DO2-N2

eff , in porous samples.~b! A schematic of a
LSM porous disc, along with partial pressures of oxygen.
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thickness and the partial pressures of oxygen labeled. From Fig
whenx 5 0, the oxygen partial pressure outside of the zirconia tu
is, p1 5 p0 , and whenx 5 l , the oxygen partial pressure inside o
the zirconia tube isp1 5 pi , andp 5 total pressure. Integration o
Eq. 18 gives

pi 5 p 2 ~p 2 p0!expF iRTl

4FD12
effp

G @19#

whereR is the ideal gas constant. Since the thickness of the por
Sr-doped LaMnO3 ~LSM! disk is small, the exponent can be show
to be much less than one, for most current densities of interest. T
Eq. 19 can be simplified as

pi ' p0 2 S p 2 p0

p D F iRTl

4FD12
effG @20#

Substituting fori /4F with J in Eq. 20 gives

J ' 2F S p

p 2 p0
D S D12

eff

RTlD G~pi 2 p0! 5 S pp0

p 2 p0
D S D12

eff

RTlD
2 S p

p 2 p0
D S D12

eff

RTlD pi @21#

where p 5 1 atm ~1.013 3 105 N/m2), p0 5 0.21 atm ~2.128
3 104 N/m2), pi is the oxygen partial pressure inside the elect
chemical cell,l is the thickness of the porous LSM disk,T is the
operating temperature, andD12

eff is the O2-N2 effective binary diffu-
sivity, DO2-N2

eff .
From the slope of oxygen flux through the porous LSM sam

as a function of partial pressure of oxygen inside the cell,pi , the
O2-N2 effective diffusivity,DO2-N2

eff , through the porous disc can b

calculated. Equation 21 shows that theDO2-N2

eff can also be obtained
from the intercept.

Experimental Procedure

Fabrication of porous LSM discs.—Porous samples in the shap
of discs were fabricated from La0.85Sr0.15MnO3 powder ~Praxair!,
mixed with 20, 22.5, 25, 27.5, and 30%~by weight!carbon~HTW!.
Carbon particles were spherical with a particle size ranging betw
20 and 50mm in diam. The powder mixtures were wet-milled, drie
and then screened. Discs of diam;20 mm and thickness;1 mm

Figure 2. A scanning electron micrograph~SEM! of a porous LSM disc
fabricated with 27.5 wt% carbon.
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Table I. Density and volume percent of porosity of LSM samples fabricated with various weight percents of carbon.

~wt%!
Carbon

Density
~g/cm3)

Total porosity
by SEM
~vol%!

Total porosity
~vol%!

Open
porosity
~vol%!

Closed
porosity
~vol%!

Fraction of
open to total

porosity

20 4.64 26.3 28.89 15.42 13.40 0.53
22.5 4.33 32.2 33.69 24.45 9.20 0.72
25 3.98 38.5 39.00 34.66 4.30 0.88
27.5 3.63 42.2 44.44 40.30 4.10 0.91
30 3.41 45.3 47.70 43.77 3.90 0.92
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cell,
were uniaxially die-pressed and then fired at 1200°C for 1 h in
The microstructure and porosity of the samples were evaluated
ing scanning electron microscopy~SEM!. The open, closed, an
total porosity of the samples was measured by the Archimedes t
nique in accordance with ASTM standard C 20-00.

Design and construction of the diffusivity measurem
setup.—The O2-N2 effective diffusivity through the porous disc
was measured using an electrochemical concentration cell. The
was fabricated using a dense, 8 mol% YSZ cylindrical tube, a de
YSZ disc, and a porous LSM disc, as shown in Fig. 1a. Platin
electrodes, in the form of a paste, were applied on both sides o
YSZ disc, and both sides of the YSZ cylinder, on part of the surfa
Platinum wire leads were attached to both sets of platinum e
trodes. The YSZ cylinder and disc were heated to 750°C for 1 h to
ensure that the platinum wire and paste were well adhered to
YSZ disc and the YSZ cylinder. A glass frit~Specialty Glass, Inc.!
was mixed with an organic binder to form a paste. The paste
applied between the YSZ cylinder~edge!and disc and the assemb
was fired at 850°C for 4 h to form a leak-tight seal. The porous LS
disk was sealed to the other end of the YSZ cylinder using the s
procedure. This completed the fabrication of the electrochem
cell.

Electrochemical measurements.—The electrochemical cell wa
placed in a furnace and measurements were conducted over a
of temperatures between 650 and 800°C. The platinum leads
the YSZ disc were attached to a constant voltage/current dc po
supply. In this manner, oxygen could be electrochemically pum
in or out of the cell, depending upon the polarity. The applied c
rent from the power source was monitored using a Keithly mo
2000 multimeter. The oxygen pump was operated in both direct
to either pump oxygen in or out of the cell. The platinum leads fr
the zirconia cylinder were connected to a Keithly model 2000 m
timeter linked to a computer with LabView software for data acq
sition. The Nernst potential of the oxygen sensor was continuo
measured. Thus, the partial pressure of oxygen inside the cell
known as a function of time. In terms of the measured Nernst
tential, E, and the oxygen partial pressure in the ambient,p0 , the
oxygen partial pressure in the chamber,pi , is given by

pi 5 p0 expF2
4FE

RT G @22#

When the applied polarity is such that oxygen is electroche
cally pumped out, theE is positive andpi , p0 . During testing, a
constant current was applied to the pump and the Nernst voltage
monitored until the oxygen partial pressure inside the cell reach
stable ~steady state!value. Testing was repeated with the oxyg
sensor placed in various locations to ensure that the oxygen pa
pressure gradient in the zirconia tube was negligible. The oxy
partial pressure inside the cell was controlled by varying the m
nitude of the current applied to the oxygen pump.

Results and Discussion

Microstructural characterization of porous discs.—Figure 2
shows an SEM micrograph of a porous LSM sample in which 2
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wt% carbon was added to the powder prior to sintering. The siz
the pores, as estimated from the micrographs, varied between
and 50mm in diam, with the mean pore size~diameter!being ap-
proximately 10 to 15mm in diam. The smaller pores are the result
the breakage of large carbon particles during the milling proce
Very small pores are the result of partial sintering, and the co
sponding pore sizes are related to the LSM particle size.

The density, and open, closed, and total porosities of the L
discs fabricated with 20 to 30 wt% carbon, as measured by
Archimedes technique, are presented in Table I. In addition, the t
porosity, as calculated by SEM image analysis~systematic point
count!, is also listed in Table I. With increasing amounts of carb
from 20 to 30 wt%, the density decreases from 4.64 to 3.41 g/c3,
the total porosity increases from 28.9 to 47.7%, and the open po
ity increases from 15.4 to 43.7%. The amount of closed poro
decreases from 13.4 to 4.3% with increasing carbon content from
to 25 wt%, and then remains relatively constant at higher car
concentrations. Thus, there appears to be a critical amount of ca
necessary to ensure that most of the porosity is open.b! For the given
morphology of carbon and resulting pore shape and size, this cri
amount lies between 22.5 and 25.0 wt%. At carbon contents gre
than or equal to 25 wt%, approximately 90% of the total porosity
open.

The effect of porosity on the effective binary diffusivity
O2-N2.—The effective binary diffusivity,DO2-N2

eff , was determined
by measuring the oxygen flux through porous samples as a func
of oxygen partial pressure gradient across the sample. For each
measurement, a constant current was applied, and maintained
the electrochemical cell reached a steady state, before proceedi
the next measurement. Figure 3 shows a typical plot of Nernst
tential as a function of time for a porous disc sample with 24.4
open porosity. The pump current was set at 106.6 mA and the
reached steady state in approximately 5 min. The plots of oxy
flux as a function of oxygen partial pressure in the cell~inside the
YSZ cylinder! for porous LSM samples fabricated with 20 to 3
wt% carbon are shown in Fig. 4. The oxygen flux as a function
oxygen partial pressure,pi , in the cell, exhibits linear behavior ove
the range ofpi measured. Linear dependence of oxygen flux onpi
suggests that the simplification given in Eq. 21 is valid, and t
over the range of measurements,DO2-N2

eff , for a given sample is

essentially a constant. The O2-N2 binary effective diffusivity,
DO2-N2

eff , for transport through the porous samples was determi
using Eq. 21, both from the slope as well as the intercept. T
corresponding results are listed in Table II. Note that with the
ception of the sample with the lowest porosity, theDO2-N2

eff measured
from both the slope and the intercept, are virtually identical. T
demonstrates the validity of the analysis, and the experimental
cedure. At the lowest porosity, the value estimated from the interc
is somewhat greater. In the following discussion, the values

b! It is to be emphasized that this conclusion concerning the required amoun
carbon is valid only for sintered LSM discs, as in the current study, and not for cath
as applied on SOFC. This is because in the case of discs, sintering is not constr
However, in a typical SOFC, the cathode is applied over an already fabricated
which leads to constrained sintering, and thus greater porosity.
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DO2-N2

eff estimated from the slope are used. The effective diffusiv

increases from 0.016 to 0.12 cm2/s with increasing porosity in the
range 15.4 to 43.8%. The dependence of O2-N2 effective binary
diffusivity on open porosity is nonlinear, as shown in Fig. 5.

The total gas transport through a porous sample should con
contributions from bulk diffusion, Knudsen diffusion, and visco
flow ~Eq. 1 and 2!, in addition to surface diffusion and adsorpti
desorption-related effects. In the preceding, it was assumed tha
effective Knudsen diffusivities (DO2K

eff , DN2K
eff ) are much larger than

the effective binary diffusivity (DO2-N2

eff ). With this assumption, the
pressure gradient across the sample was shown to be equal to
(¹p 5 0) resulting in no viscous flow through the porous catho
Thus, the effective diffusivity,DO2-N2

eff , calculated from Eq. 21 is
valid if the Knudsen diffusion in the porous LSM samples can
neglected, and effects due to surface diffusion and adsorp
desorption processes are small.

The important parameters in determining the relative contri
tions of Knudsen and bulk diffusion to total diffusion are the po
size and the mean free path of the gaseous species. Bulk diffus
is a function of the molecular velocity (y) and the mean free pathl
as given by10

Figure 3. The measured Nernst potential across the oxygen sensor
function of time, under a constant applied current to the pump made us
LSM disc with 24.4% porosity. Measurement conducted at 800°C.

Figure 4. Oxygen flux through porous LSM discs fabricated with varyi
amounts of carbon, between 20.0 and 30.0 wt%, as a function of oxy
partial pressure inside the cell. Measurement conducted at 800°C.
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Knudsen diffusivity is dependent on the molecular velocity (y) and
the radiusa of a cylindrical pore as given by10

DK 5
2

3
ya @24#

The mean free pathl of many gases at one atmosphere is usually
the order of 100 nm at the temperature of interest~;800°C!.11 For
the porous LSM samples~Fig. 2! the mean pore radius, as measur
from micrographs, is about 5mm.c! Thus, as given by Eq. 23 and 24
DO2K

eff andDN2K
eff will be an order of magnitude greater thanDO2-N2

eff .
Therefore, at a total pressure of 1 atmosphere, bulk diffusion sh
dominate and the assumption that Knudsen diffusion can be
glected appears to be valid.

In the phenomenological theory of diffusion through porous bo
ies, the O2-N2 effective diffusivity,DO2-N2

eff , is related to the O2-N2

binary bulk diffusivity by12

DO2-N2

eff 5
VV

t
DO2-N2

@25#

whereVV is the volume percent of porosity andt is the tortuosity
factor. The experimentally measured tortuosity factor is an all-
compassing term that includes the effects of pore microstruc
such as pore orientation, morphology, contiguity, and size, as we
possible adsorption/desorption processes, and surface diffusion,
on gas transport. The volume percent of porosity accounts for
fact that gas transport occurs only through the pores and not thro
the solid matrix.

The bulk diffusivity of a binary gas system at moderate tempe
tures and pressures can be accurately determined by the Chap
Enskog relation12 given as

DO2-N2
5

0.00186T
3
2S 1

MO2

1
1

MN2
D

1
2

psO2-N2

2 V
@26#

in cm2/s whereMO2
andMN2

are the molecular weights of the tw

gaseous species,V is the collision integral,sO2-N2
is the average

collision diameter, andp is the total pressure. The collision diamet
sO2-N2

, given in angstroms, is the arithmetic average of the dia
eters of the two species present

c! The bottlenecks are almost certainly smaller than pore radii determined from
crographs. Thus, the above leads to an overestimate of the Knudsen diffusivity.

a
a

n

Table II. Measured effective diffusivity, open porosity, tortuosity,
and effective O2 and N2 Knudsen diffusivity for LSM samples
fabricated with various amounts of carbon.

Carbon
~wt%!

DO2-N2

eff

From the
slope

(cm2/s)

DO2-N2

eff

From the
intercept
(cm2/s)

Open
porosity Tortuosity

DO2K
eff

(cm2/s)

DN2K
eff

(cm2/s)

20 0.016 0.027 15.42 19.7 0.22 0.235
22.5 0.028 0.027 24.43 18.3 0.375 0.401
25 0.046 0.046 34.66 15.6 0.624 0.667
27.5 0.071 0.07 40.30 11.8 0.959 1.025
30 0.117 0.117 43.77 7.8 1.576 1.684
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sO2-N2
5

1

2
~sO2

1 sN2
! @27#

The collision integralV is a dimensionless quantity that accoun
for interaction between the two gaseous species via the Lenn
Jones potential. For the binary gas system of O2-N2 at 800°C, the
collision integral is close to unity.12 The bulk diffusivity of
O2-N2 as determined by Eq. 26, is approximately 2.08 cm2/s at
800°C and 1 atm.

Based on the calculated O2-N2 bulk diffusivity ~Eq. 26!, the
measured effective O2-N2 diffusivity ~Table II!, and the volume
percent of porosity~Table I!, the tortuosity factor,t, can be esti-
mated by Eq. 25. The calculated tortuosity factors for the por
LSM samples fabricated with 20 to 30 wt% carbon are presente
Table II. The tortuosity factor decreases from a value of 19.7 to
with increasing carbon content from 20 to 30 wt%. The tortuos
factor decreases with increasing open porosity in a nonlinear ma
as shown in Fig. 6. Typically, the tortuosity factor of porous me
lies between 2 and 6, but values as high as 10 have been repor11

The estimated tortuosity factors of the LSM samples fabricated w
20, 22.5, and 25 wt% carbon were high with values ranging betw
15.6 and 19.7. Such high values of tortuosity factors are proba
the result of neglecting Knudsen diffusion, surface diffusion a
adsorption/desorption processes. It is quite possible that the dim
sions of bottlenecks in the pore structure may be consider
smaller than the estimated average size of pores from SEM m
graphs. This would mean that the actual Knudsen diffusivities
probably smaller than assumed, and high tortuosity factors are
result of neglecting the effects of Knudsen diffusion.

For evaluating the Knudsen diffusivity given in Eq. 24, the fo
lowing expression was used to determine the mean molecular ve
ity of a gas species in a mixture11

y1 5 A8RT

pM1
@28#

whereM1 is the molecular weight of component 1 in a mixture.
Combining Eq. 24 with Eq. 28 gives

DK 5
2

3
aA8RT

pM1
@29#

Combining Eq. 25 with Eq. 29 gives the effective Knudsen diffus
ity for each gaseous species in the mixture

D1K
eff 5

2

3
aA8RT

pM1

Vv

t
@30#

and

Figure 5. Effective binary diffusivity,DO2-N2

eff , vs. open porosity.
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whereM1 and M2 are the molecular weights of gaseous specie
and 2, respectively.

Knowing the tortuosity factor, the effective Knudsen diffusivitie
of both O2 and N2 through the porous LSM samples can be det
mined by Eq. 30 and 31 assuming some pore radius. In the pre
work, the pore size was estimated from SEM micrographs. Ho
ever, the actual pore bottlenecks are almost certainly smaller. T
the present calculations of Knudsen diffusivities are overestima

The calculated O2 and N2 effective Knudsen diffusivities for the
porous LSM samples at 800°C and 1 atm are listed in Table II. T
calculated Knudsen diffusivities increase from 0.23 to 1.68 for
samples fabricated from 20 to 30 wt% carbon. For all samples, b
the DO2K

eff andDN2K
eff are an order of magnitude greater thanDO2-N2

eff ,
which is consistent with the original assumption. However, it is
be emphasized that the actual bottlenecks may be smaller tha
assumed pore sizes. If this is the case, large tortuosity factors
mated for samples of lower porosity may principally be the resul
neglecting the effects of Knudsen diffusion.

The temperature dependence of the effective binary diffusivit
O2-N2.—The effective diffusivities of O2-N2 through porous media
at various temperatures were measured. The effective diffusiv
for the samples fabricated with 22.5 carbon and 27.5 wt% carbo
temperatures between 650 and 800°C are listed in Table III. As s
in the table, theDO2-N2

eff increases with increasing temperature. T
increase in effective diffusivity with temperature is due to the
crease in the average molecular velocity and the mean free path
a function of temperature,T, the average molecular velocity follow
a T0.5 dependence and the mean free path is linear withT. Thus, the
effective diffusivity should exhibit aT1.5 dependence. The effectiv
diffusivity for both samples plotted as a function ofT1.5 is shown in
Fig. 7. The effective diffusivities are linear with respect

Figure 6. Tortuosity factorvs. open porosity.

Table III. Measured effective diffusivity as a function of tem-
perature for two LSM disks with different amounts of porosity.

Temperature
~°C!

DO2-N2

eff (cm2/s)

Sample fabricated
with 22.5 wt% C

Sample fabricated with
27.5 wt% C

650 0.024 0.056
700 0.026 0.062
750 0.029 0.067
800 0.031 0.072
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T1.5 consistent with the Chapman-Enskogg relation. The interc
however, should be zero. The observation that the intercept is
zero is simply the result of experimental scatter in measureme
The slope of the sample fabricated from 27.5 wt% carbon is gre
than that for the sample fabricated from 22.5 wt% carbon by a fa
of 2.5. The difference in slopes is partially attributed to the hig
percentage of porosity and a lower value of tortuosity in the sam
made with 27.5 wt% carbon as compared to the samples made

22.5 wt% carbon. A comparison of the ratios
VV

t
for the two samples

at 800°C~Table II! shows that they differ by a factor of approx
mately 1.9.

The limiting current density and concentration polariz
tion.—The limiting current density due to concentration polarizat
at the cathode is determined by setting Eq. 20 to zero,i.e., pi ' 0,
and is given by

i cs ' F4FDO2-N2

eff

RTl
GpoS p

p 2 po
D @32#

wherepo is the partial pressure of oxygen in the oxidant~air! outside
of the cathode~Pa or atm!,p is total pressure,DO2-N2

eff is the effective

O2-N2 diffusion coefficient of the porous cathode (cm2/s or m2/s),

Figure 7. Effective binary diffusivity,DO2-N2

eff , as a function of temperature

T1.5, for porous LSM disks fabricated with 22.5 and 27.5 wt% carbon.
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and l is the cathode thickness~cm or m!. If the more accurate
equation~Eq. 19! is used instead, the limiting current density
given by

Figure 8. ~a! Calculated cathode overpotential as a function of current d
sity for porous LSM cathodes fabricated with 20.0 to 30.0 wt% carb
Cathode thickness5 50 mm. Cathode-limiting current density calculate
using Eq. 32.~b! Calculated cathode overpotential as a function of curr
density for porous LSM cathodes fabricated with 20.0 to 30.0 wt% carb
Cathode thickness5 200 mm. Cathode-limiting current density calculate
using Eq. 32.
Table IV. Measured effective diffusivity, open porosity, and cathode limiting current density for LSM disks fabricated with various amounts of
carbon.

Sample no.,
percent C

DO2-N2

eff

(cm2/s)

Open
porosity

~%!
i cs ~50 mm!a

(A/cm2)
i cs ~50 mm!b

(A/cm2)
i cs ~200 mm!a

(A/cm2)
i cs ~200 mm!b

(A/cm2)

1,
20 0.016 15.42 3.37 3.8 0.84 0.95
2,
22.5 0.028 24.43 5.73 6.46 1.43 1.61
3,
25 0.046 34.66 9.55 10.77 2.38 2.69
4,
27.5 0.071 40.30 14.66 16.53 3.66 4.13
5,
30 0.117 43.77 24.24 27.33 6.05 6.83

a Calculated using Eq. 32.
b Calculated using Eq. 33.
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Table V. Calculated cathode overpotential at different cathode thickness for LSM samples fabricated with various amounts of carbon at a
current density of 2 AÕcm2.

Thickness
~mm!

20 wt% C
Cathode

overpotential
~mV!

22.5 wt% C
Cathode

overpotential
~mV!

25 wt% C
Cathode

overpotential
~mV!

27.5 wt% C
Cathode

overpotential
~mV!

30 wt% C
Cathode

overpotential
~mV!

50 7.1 3.9 2.3 1.4 0.9
100 17.3 8.6 4.8 3.0 1.8
150 36.1 14.5 7.6 4.6 2.7
200 86.2 22.4 10.8 6.4 3.7
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eff

RTl
GplnS p

p 2 po
D @33#

In practice, limiting current densities given by Eq. 32 or 33 oft
may not be realized since limiting current densities due to either
ohmic contribution or the anodic polarization may smaller. For
ample, in an electrolyte-supported cell, the ohmic polarization
usually the largest. In such a case, the short circuit current den
occurs mainly due to the fact that almost all voltage drop is att
utable to the ohmic polarization. The limiting current densities giv
in Eq. 32 and 33, are useful for estimating the contributions
cathodic concentration polarization as a function current density

In terms of the limiting current density,i cs, the concentration
polarization at the cathode is given as13

hconc~c! 5 2
RT

4F
lnS 1 2

i

i cs
D @34#

wherei is current density~A/cm2). Assuming that the cathode of a
anode-supported SOFC has a similar microstructure as the po
LSM disc samples, the cathode limiting current density and cath
polarization can be estimated by Eq. 32 or 33, and 34. Table IV
the cathode limiting current densities calculated for different eff
tive diffusivities for cathodes of two different thicknesses; 50 a
200 mm. The cathode concentration overpotential as a function
current density~up to 2 A/cm2) for cathodes with various effective
diffusivities is shown in Fig. 8a and b for cathode thicknesses of
and 200mm, respectively. Note that there is a significant effect
cathode porosity on concentration polarization, especially for
cathode thickness of 200mm. Thus, the effective diffusivity of
O2-N2 in porous cathodes can greatly influence the overall per
mance of a cell.

The effects of cathode thickness and porosity on the cath
overpotential are shown in Table V. The overpotentials were ca
lated based on the O2-N2 effective diffusivities of the porous LSM
samples. For the sample fabricated with 20 wt% carbon, the cath
overpotential increases from 7.1 to 86.2 mV with an increase
cathode thickness from 50 to 200mm for a current density of 2
A/cm2. On the other hand, for the 30 wt% carbon sample, the c
ode overpotential only increases from 0.9 to 3.7 mV when incre
ing the cathode thickness from 50 to 200mm. Thus, the adverse
effects of increasing cathode thickness on concentration polariza
are greatly reduced with adequate porosity.

Conclusions

The present work has developed an electrochemical techn
which affords the measurement of effective binary diffusivities
O2-N2 , DO2-N2

eff , through porous media at elevated temperatu
The technique was applied to porous LSM discs containing a ra
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of porosities, and as a function of temperature between 650
800°C. The results showed that transport through porous LSM d
could be adequately described by effective binary diffusion. T
O2-N2 effective binary diffusivity,DO2-N2

eff , at 800°C increased from

;0.016 to;0.12 cm2/s with increasing open porosity between 1
and 44 vol%. Using the values of the effective diffusivities me
sured, cathodic concentration polarization was estimated. The re
show that for relatively thick cathodes~;200 mm!, cathodic con-
centration polarization can be significant, especially at lower por
ties. This shows the importance of ensuring that the open porosi
the cathode is adequate. Also using the experimentally meas
DO2-N2

eff , the volume fraction of porosity, and the calculated bina
diffusivity by the Chapman-Enskog model, tortuosity factors we
estimated. The estimated tortuosity factor ranged between;7.8 and
;19.7, the latter for samples with relatively low porosity. At hig
values of porosity, the estimated tortuosity factor~;7.8! may be
attributed to the tortuous nature of gas transport. Very high tortuo
factors ~such as.10!, in samples with a low volume fraction o
open porosity, are probably the result of neglecting Knudsen di
sion and surface diffusion. In these samples, it is possible that
pore size, especially the bottlenecks, may be on the order of
mean free path.
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