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Measurement of G,-N, Effective Diffusivity in Porous Media
at High Temperatures Using an Electrochemical Cell
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The effective diffusivity of Q-N, in porous media was measured at high temperat(688-800°C)using an electrochemical
concentration cell. Porous membranes having total porosity between 29 and 48 vol% were fabricated from Sr-doped LaMnO
(LSM) with 20 to 30 wt% carbon added as a pore former. The\Q effective binary diffusivity,D eof;_Nz, at 800°C increased from

~0.016 to~0.12 cn¥/s with increasing open porosity between 15 and 44 voI%.I:FﬁE—zN2 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 O, and N,, D%ZK and Dﬁ,f;(, at 800°C were an order of magnitude higher than the effective binary diffusivity,
Dgf;,Nz. Thus, Q-N, transport through the porous membranes was governed by the effective binary diﬁLBﬁZi,tyé. The

effects of Q-N, effective binary diffusivity,Dgz_Nz, on concentration polarization of cathodes for solid oxide fuel cells were
assessed. The nonlinear behavior of theN) 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 olt)eof;_N2 was investigated between 650 and 800°C, which was found to be in accord with the Chapman-Enskog

model.
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The contribution of concentration polarization to the total polar- density lower than the limiting current density, the partial pressure
ization at both the anode and cathode of solid oxide fuel cellsof oxygen at the cathode/electrolyte interface is fifigeeater than
(SOFCs)can be substantidl’ The effects of concentration polariza- zero). Under such conditions, the current density is proportional to
tion are most pronounced in electrodes of low porosity and at highthe difference in partial pressures of oxygen in the cathode chamber
current densities. In electrode-supported SOFCs, the contribution ofoutside the cathode), and that at the cathode/electrolyte interface;
ohmic polarization(IR drop) of a thin electrolyte to the total over- with the proportionality constant which includes the effective binary
potential of the cell is small as compared to that of an electrolyte-diffusivity of O,-N,, D%ﬁ_N .

2712
supported SOFC. In fact, anode-supported SOFC have been reported sypstantial concentration polarization may well arise from the
where_ln the contribution of the e!ectrolyte _ohmlc polarizatidR cathode. Thus, it is desirable to measure the effectiveNQdiffu-
drop)is less than that of the combined polarization losses at the twasijyity in porous media at high temperatures. A considerable amount
electrodes. Thus, in the case of electrode-supported SOFCs, thef work in the field of experimental and theoretical treatments of the
maximum current density attainable is largely limited by polariza- effective diffusivity in porous media has been reported in the open
tion losses at the electrodes. In electrode-supported SOFCs, one @ferature®* Gas transport in porous media is complex and includes
the two electrodes, either anode or cathode, is fabricated of a thickeontributions from bulk, Knudse# and surface diffusion, as well as
ness large enough to function as a support and thereby lend messcous flow. The analysis of gas flow is further complicated by
chanical integrity. However, this does not mean that concentratiorinteractions with pore structure, for example adsorption/desorption
polarization of the support electrode is necessarily greater than thgdrocesses on the internal surfaces of porous media. The effective
of the thin electrode. For example, anode-supported SOFCs are rowiffusivity of mixed gases has been measured using techniques in-
tinely fabricated with anodes consisting of NiO and YSZ compositescluding gas chromatograph¢GC)>® steady-state diffusion cells,
that are subsequently reducidsitu resulting in highly porous Ni  transient diffusion cells, thermogravimetry using a microbaldnce,
and YSZ cermets. Measurements conducted on anode-supportexhd zero-length columrfsMeasurements of effective diffusivity by
SOFCs show that overpotential at the thick anode can often be lessll of these methods are conducted at a pressure of one atmosphere
than that at the thin cathode. Typically, cathodes are fabricated fron@nd in the temperature range from 30 to 300°C. From the standpoint
an electrocatalyst such as Sr-doped LaMm® Sr-doped LaCo@. of SOFCs, however, the more interesting value gf\3 effective
In order to generate some porosity, a pore former is typically addeddiffusivity is that measured at 800°C, which is the typical operating
and the cathode is fired at temperatures high enough to partialljemperature of anode-supported SOFCs.
sinter the electrocatalyst, without in the process reducing porosity. In this study, the effective binary diffusivity of ON, through
However, the amount of porosity necessary to ensure that the corPorous media was measured over a range of temperatures between
centration polarization is sufficiently small in a cathode at operating650 and 800°C using an electrochemical concentration cell. Mea-
temperatures is not very well understood. surements were conducted on porous discs of Sr-doped LaMnO

Concentration polarization at the cathode is related to the resiswith total porosity ranging between 29 and 48%. The electrochemi-
tance to transport of oxygen gas to the physically distinct cathode£al cell allowed for an accurate control of the oxygen partial pres-
electrolyte interface. Concentration polarization at a given currentsure within the sealed cell chamber. Thus, one side of the porous
density depends upon the partial pressure of oxygen in the oxidantnembrane was exposed to ambient conditiopg, (= 0.21 atm)
cathode porosity, pore size, and thickness. The cathode-limited cumwhile the oxygen partial pressure on the other side was carefully
rent density arises when the partial pressure of oxygen at theegulated with the concentration cell. The effective binary diffusiv-
cathode/electrolyte interface is nearly zero. For values of currenity of O,-N, was calculated based on the measured oxygen flux

through the porous membrane under steady-state conditions.

* Electrochemical Society Student Member. ¥ |n Knudsen diffusion dominated flow, the pore radi@ssumed cylindricalis
** Electrochemical Society Active Member. equal to or less than the molecular mean free path, such that gas molecules collide more
Z E-mail: anil.virkar@m.cc.utah.edu frequently with pore walls than with other molecules.
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Theoretical Analysis the electrolyte for further transport towards the anode. In a steady
tate, the partial pressure of oxygen at the cathode/electrolyte inter-
ace will be fixed, and will be a function of porosity, tortuosity

factor, thickness, and the current density. The transport of oxygen

which the material comprising the solid part of the porous body isthrough the porous cathode can then be described by Eq. 7. The flux

treated as an additional gaseous species with enormous mass, afinitrogen, similarly, is described by Eq. 8. However, no net trans-
thus is effectively immobilé. In what follows, we will use the port of nitrogen can occur through the electrolyte, as the electrolyte
method of effective diffusivities. only conducts oxygen ions. Under a steady state, therefore, nitrogen

Isothermal, binary transport of Gand N, through a porous me-  1UX must be zero everywhere. That is, under a steady sfate,
dium can be phenomenologically described by the following equa-= 0 since the nitrogen flux is zero. Thus, Eq. 7 can be rewritten as

Analysis of gas transport through porous bodies can be don
using the method of effective diffusivities, which explicitly accounts
for pore volume and tortuosity, or using the Dusty gas model, in

tions (wherein 1 denotes Oand 2 denotes §° X,nD% B
nB, J = -DHVN+ X T [9]
Jl = _Dlvnl + X181J - Xl'yl W Vp [1] 1K
nB and Eq. 8 as
Jo = —DaVny + X383 — szz(To)Vp (2] X,nDSM B,
0= —D$WVn, + X,J; — o W [10]
where x
) Difli . Dgfli a3 Adding Eq. 9 and 10,
1= an 2 eff
pDef 4+ peff DS + D X;nD;j; B
1 12 2 12 J; = —DIV(ng + Ny + (Xg + X)dy — e =
i P
= 1-9% = ———— and = 1-3
n ' pef 4 pef 2 ? XonDS] B,
- —V [17]
DS
o .
= — 4
Dg‘; + Dﬁg 41 Assuming the applicability of the ideal gas equation of state, we
have
! ! + ! d ! ! + ! [5] p p p p
- = — and — = —/, + — 1 2 1 2
D, Dif}i Deff D, Dgfé Difzf n, = kB—T, n, = kB_T and n = n, +n, = kB—T + kB_T
wheren; andn, are the concentrations of 1 andi no. per cubic b
meter or no. per cubic centimeterespectivelyX,; and X, are the - kB_T [12]

mole fractions of 1 and 2, respectivelyis the total concentration,
is viscosity(Pa s or dyne s)B, is permeability (M or cnf), Pis  where,kg is the Boltzmann constant. We also know thgt+ X,

total pressure (N/for dyne/cr), J; andJ, are the fluxes of 1and = 1. Substitution into Eq. 11 gives
2, respectivelyJ is the total qux,Dﬁ and De are the effective ot
Knudsen diffusivities of 1 and 2, respectively ?(/isn or cnt/s), and 0- Dz N XonDS} Bo N X1nDS} Bo [13]
D is the effectlve blnary diffusivity. The effective Knudsen diffu- kgT D mn D
swmes DM and DS, are related to the Knudsen diffusiviti€s
and D¢ by Equation 13 implies thaf p = 0 and the flux equations reduce to
DV DoV Ji = —D&Vn, + XJ 14
pef = XY and D = % [6] 1 12V 1 [14]
or
whereV, is the volume percent of porosity andis the tortuosity D
factor. J, = [15]
If the pore size is sufficiently large, the effects of Knudsen dif- (1- 1)
fusion may be neglected. Thus, IS and DS > DT, the flux _ o
equations reduce to Using Eq. 12, the flux, is given by
-Df; p
X,nD¢M B = [
3 o= DN, + X0 - — 20 [7] N T oo 6]
Dix WM
X.nDe B The flux of oxygen molecules]; (mol cm? s™1) is related to
J, = —DfVn, + X0 - =220 [8]  current density by
D2K [ .
i
Ji = 4F [17]

In the above, we have replacdt! + DT and DS + DI by,
respectiverD‘l’ﬁ andDS{i. Consider the application of above equa-
tions to an SOFC cathode. When an SOFC is operated under load,
net current density flows through the cell. The corresponding flux of

wherei is current density anB is the Faraday constant. Substitution
ifito Eq. 16 for one-dimensional transport gives

molecular oxygen flows from the cathodic chamber, through the iN A kg Tdx —dp,
porous cathode, to the cathode/electrolyte interface, where oxygen = — [18]
molecules are converted into oxygen ions, and are incorporated into 4FD12P (P =Py
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thickness and the partial pressures of oxygen labeled. From Fig. 1b,
whenx = 0, the oxygen partial pressure outside of the zirconia tube
is, p1 = Po, and wherx = |, the oxygen partial pressure inside of
the zirconia tube ip; = p;, andp = total pressure. Integration of
Eq. 18 gives

iRTI

— 19
4FDMp [29]

pi=p—(p-— Po)exl{

whereR is the ideal gas constant. Since the thickness of the porous
Sr-doped LaMn@ (LSM) disk is small, the exponent can be shown
to be much less than one, for most current densities of interest. Then
Eqg. 19 can be simplified as

p — po\l IRTI
o~ — 20
Pi= Po ( p ) 4FDEf [20]
Substituting fori/4F with J in Eq. 20 gives

p |(D% ppo | (D%

I~ - &Ti (P = Po) = =71

p — po/ \RTI p — po/ \RTI

p \(D%

- (—p = po)(ﬁ P 1]

wherep = 1 atm (1.013 X 10° N/m?), po = 0.21 atm(2.128
X 10" N/m?), p; is the oxygen partial pressure inside the electro-
chemical cell,l is the thickness of the porous LSM disk,is the
operating temperature, arﬁmﬁg is the G-N, effective binary diffu-
sivity, DG, -

From the slope of oxygen flux through the porous LSM sample

as a function of partial pressure of oxygen inside the ggll,the
eff

Figure 1. (a) A schematic of the electrochemical cell used to measure the O2-N, effective diffusivity, Doy, . through the porous disc can be

effective binary diffusivity,Dgf;_Nz , in porous samplegb) A schematic of a

calculated. Equation 21 shows that ungf;Nz can also be obtained

LSM porous disc, along with partial pressures of oxygen. from the intercept.

Experimental Procedure

whereN, is Avogadro’s number. In an actual SOFC, it is not pos- F_abrication of porous LSM discs-Porous samples in the s_hape
sible to measure the partial pressure of oxygen at the cathodedf discs were fabricated from bgsSt 1 MnOz powder (Praxair),
electrolyte interface. However, transport characteristics of the cathmixed with 20, 22.5, 25, 27.5, and 30y weight) carbon(HTW).

ode can be independently and experimentally investigated by arfarbon particles were spherical with a particle size ranging between

electrochemical cell of the type shown in Fig. 1a, which is a sche-20 and 5Q.m in diam. The powder mixtures were wet-milled, dried,
matic of the electrochemical cell used in this study for the measure-and then screened. Discs of diar20 mm and thickness-1 mm
ment of the @-N, effective diffusivity. The electrochemical cell
consists of a disc of an oxygen-ion-conducting matéeaj.,yttria-
stabilized zirconia, YSY, sealed to a YSZ cylinder using a suitable
glass. Platinum electrodes are applied to both the disc as well as pa}
of the cylinder, as shown in Fig. 1a. At the other end, a porous discg
of a prospective cathode is attached, again using a suitable glas:
The entire assembly is heated to an elevated temperature, and y@
direct current voltage is applied across the electrodes on the YSz 9
disc, so as to pump out oxygen from the cylinder. As the partial
pressure of oxygen in the cylindep;(or pO,) is lowered, oxygen
from the ambient diffuses through the porous disc, into the chambei
(cylinder). Under a steady state, tp®, in the cylinder is lower
than that in the ambient. ThisO, can be measured electrochemi-
cally using the electrodes applied to the YSZ cylinder, which serve
as sensing electrodes. The flux of oxygen through the porous disc @E 3
described by the preceding equations. Also, as no nitrogen can tran .
port through the YSZ disc, it is clear that under a steady state, n
transport of nitrogen occurs through the porous disc. In this sen
the electrochemical cell simulates conditions experienced by a
SOFC cathode, with the opportunity to precisely know whatpg
in the cylinder is; or what th@O, at the cathode/electrolyte inter-
face is in an actual SOFC, under a given set of conditions. Figure 2. A scanning electron micrograptSEM) of a porous LSM disc
Figure 1b shows a schematic of a porous LSM disc, with the 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.

Total porosity Open Closed Fraction of
(Wt%) Density by SEM Total porosity porosity porosity open to total
Carbon (glcn?) (vol%) (vol%) (vol%) (vol%) porosity
20 4.64 26.3 28.89 15.42 13.40 0.53
225 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
275 3.63 42.2 44.44 40.30 4.10 0.91
30 341 453 47.70 43.77 3.90 0.92

were uniaxially die-pressed and then fired at 1200°C for 1 h in air.wt% carbon was added to the powder prior to sintering. The size of
The microstructure and porosity of the samples were evaluated usthe pores, as estimated from the micrographs, varied between 1.5
ing scanning electron microsco@EM). The open, closed, and and 50um in diam, with the mean pore siZdiameter)being ap-
total porosity of the samples was measured by the Archimedes techproximately 10 to 15.m in diam. The smaller pores are the result of
nigue in accordance with ASTM standard C 20-00. the breakage of large carbon particles during the milling process.
) ) . Very small pores are the result of partial sintering, and the corre-
Design and construction of the diffusivity measurementsponding pore sizes are related to the LSM particle size.
setup.—The @ N, effective diffusivity through the porous discs The density, and open, closed, and total porosities of the LSM
was measured using an electrochemical concentration cell. The cefliscs fabricated with 20 to 30 wt% carbon, as measured by the
was fabricated using a dense, 8 mol% YSZ cylindrical tube, a denserchimedes technique, are presented in Table 1. In addition, the total
YSZ disc, and a porous LSM disc, as shown in Fig. la. Platinumporosity, as calculated by SEM image analy&gstematic point
electrodes, in the form of a paste, were applied on both sides of theount), is also listed in Table I. With increasing amounts of carbon
YSZ disc, and both sides of the YSZ cylinder, on part of the surface.from 20 to 30 wt%, the density decreases from 4.64 to 3.41 Y/cm
Platinum wire leads were attached to both sets of platinum electhe total porosity increases from 28.9 to 47.7%, and the open poros-
trodes. The YSZ cylinder and disc were heated to 7501CLfb to ity increases from 15.4 to 43.7%. The amount of closed porosity
ensure that the platinum wire and paste were well adhered to thejecreases from 13.4 to 4.3% with increasing carbon content from 20
YSZ disc and the YSZ cylinder. A glass fiipecialty Glass, Inc.)  to 25 wt%, and then remains relatively constant at higher carbon
was mixed with an organic binder to form a paste. The paste wagoncentrations. Thus, there appears to be a critical amount of carbon
applied between the YSZ cylindéedge)and disc and the assembly necessary to ensure that most of the porosity is 8bEar the given
was fired at 850°C for 4 h to form a leak-tight seal. The porous LSM mgorphology of carbon and resulting pore shape and size, this critical
disk was sealed to the other end of the YSZ cylinder using the sam@mount lies between 22.5 and 25.0 wt%. At carbon contents greater
prclchedure. This completed the fabrication of the electrochemicakhan or equal to 25 wt%, approximately 90% of the total porosity is
cell. open.

Electrochemical measurementsThe electrochemical cell was
placed in a furnace and measurements were conducted over a range The effect of porosity on the effective binary diffusivity of
of temperatures between 650 and 800°C. The platinum leads fron®,-N,.—The effective binary diffusivity,DeOf;_Nz, was determined
the YSZ disc were attached to a constant voltage/current dc pOWGby measuring the oxygen flux through porous samples as a function
supply. In this manner, oxygen could be electrochemically pumpedof oxygen partial pressure gradient across the sample. For each flux
in or out of the cell, depending upon the polarity. The applied cur- measurement, a constant current was applied, and maintained until
rent from the power source was monitored using a Keithly modelthe electrochemical cell reached a steady state, before proceeding to
2000 multimeter. The oxygen pump was operated in both directionghe next measurement. Figure 3 shows a typical plot of Nernst po-
to either pump oxygen in or out of the cell. The platinum leads from tential as a function of time for a porous disc sample with 24.4%
the zirconia cylinder were connected to a Keithly model 2000 mul- gpen porosity. The pump current was set at 106.6 mA and the cell
timeter linked to a computer with LabView software for data acqui- reached steady state in approximately 5 min. The plots of oxygen

sition. The Nernst potential of the oxygen sensor was continuouslffiux as a function of oxygen partial pressure in the ¢elside the
measured. Thus, the partial pressure of oxygen inside the cell waysz cylinder) for porous LSM samples fabricated with 20 to 30
known as a function of time. In terms of the measured Nernst PO-Wwt% carbon are shown in F|g 4. The oxygen flux as a function of
tential, E, and the oxygen partial pressure in the ambigpt, the  oxygen partial pressurg;, in the cell, exhibits linear behavior over
oxygen partial pressure in the chambgy, is given by the range ofp; measured. Linear dependence of oxygen fluxppn
AFE suggests that the simplification given in Eqg. 21 is valid, and that
Pi = Po exf{_ﬁ [22] over the range of measuremenfsgz_Nz, for a given sample is
essentially a constant. The ,, binary effective diffusivity,
eff ;
When the applied polarity is such that oxygen is eIectrochemi-Do_Z‘NZ’ for transport through the porous samples W.as determined
cally pumped out, thé& is positive andp; < py. During testing, a using Eq. .21' both from the slo_pe as well as the intercept. The
constant current was applied to the pump and the Nernst voltage Wagorre_zspondlng results are listed in Table ”j Note that with the ex-
monitored until the oxygen partial pressure inside the cell reached &€Ption of the sample with the lowest porosity, mg;-Nz measured
stable (steady stateyalue. Testing was repeated with the oxygen from both the slope and the intercept, are virtually identical. This
sensor placed in various locations to ensure that the oxygen partialemonstrates the validity of the analysis, and the experimental pro-
pressure gradient in the zirconia tube was negligible. The oxygercedure. At the lowest porosity, the value estimated from the intercept
partial pressure inside the cell was controlled by varying the mag-is somewhat greater. In the following discussion, the values of
nitude of the current applied to the oxygen pump.

Dt is to be emphasized that this conclusion concerning the required amount of
carbon is valid only for sintered LSM discs, as in the current study, and not for cathode,
. . . . . as applied on SOFC. This is because in the case of discs, sintering is not constrained.
Microstructural characterization of porous disesFigure 2 However, in a typical SOFC, the cathode is applied over an already fabricated cell,

shows an SEM micrograph of a porous LSM sample in which 27.5which leads to constrained sintering, and thus greater porosity.

Results and Discussion
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Figure 3. The measured Nernst potential across the oxygen sensor as a Dy, = §v)\ [23]

function of time, under a constant applied current to the pump made using a
LSM disc with 24.4% porosity. Measurement conducted at 800°C.

Knudsen diffusivity is dependent on the molecular velocity &nd
the radiusa of a cylindrical pore as given

D‘f)f;_,\,2 estimated from the slope are used. The effective diffusivity 5

increases from 0.016 to 0.12 &fs with increasing porosity in the Dk = sva [24]
range 15.4 to 43.8%. The dependence of N3 effective binary 3
diffusivity on open porosity is nonlinear, as shown in Fig. 5.

The total gas transport through a porous sample should contaiThe mean free path of many gases at one atmosphere is usuaIIy on
contributions from bulk diffusion, Knudsen diffusion, and viscous the order of 100 nm at the temperature of intefesB00°C)* For
flow (Eqg. 1 and 2), in addition to surface diffusion and adsorption/ the porous LSM sample(ﬂg 2) the mean pore radius, as measured
desorption-related effects. In the precedlng, it was assumed that thﬁéom mlcrographs is aboutsm © Thus, as given by Eq. 23 and 24,
effective Knudsen dlffuswltlesEQO K DBZK) are much larger than D& 0,K andD¢" NoK will be an order of magnitude greater thmﬁ)z_ N,

the effective binary diffusivity D ) - With this assumption, the Therefore, at a total pressure of 1 atmosphere, bulk diffusion should
2' 2

pressure gradient across the sample was shown to be equal to zef@minate and the assumption that Knudsen diffusion can be ne-

Vp = 0) resulting in no viscous flow through the porous cathode. 9 ected appears to be v_alid. e
SI'hEs th()a effectlv% dlffuswltyD calculgted frgm Eq. 21 is In the phenomenological theory of diffusion through porous bod-
O,-N, » .

ies, the Q-N, effective diffusivity, DO Ny is related to the @ N,
valid if the Knudsen diffusion in the porous LSM samples can be 2
neglected, and effects due to surface diffusion and adsorptionPInary bulk diffusivity by
desorption processes are small.

The important parameters in determining the relative contribu- D& . = —Do.n [25]
tions of Knudsen and bulk diffusion to total diffusion are the pore 22
size and the mean free path of the gaseous species. Bulk diffusivity
is a function of the molecular velocity) and the mean free path  whereV,, is the volume percent of porosity andis the tortuosity
as given by" factor. The experimentally measured tortuosity factor is an all- en-
compassing term that includes the effects of pore microstructure
such as pore orientation, morphology, contiguity, and size, as well as
possible adsorption/desorption processes, and surface diffusion, etc.,

9.0x107 T T v T v T d T d T T T v T .
3 O experimontal data for sample with 20,0 wt% carbon ] on gas transport. The volume percent of porosity accounts for the
BOX107 G e o e oz v corton . fact that gas transport occurs only through the pores and not through
] o .xp.ﬂmaldatazunvltwlm 27.5M.:ur::n slope=-1.66E-5 . the solid matrix.
i ] ith 30.0 wi. . . . .
7.0x107 e s same carsen - The bulk diffusivity of a binary gas system at moderate tempera-
1 slope=-1.03E-5 1 tures and pressures can be accurately determined by the Chapman-
~ 6.0x107 . Enskog relatiof? given as
N‘.” ] slopes-6.26E-6 1
£ 500107 4 .
9 e 3 1\2
=] ; 0.00186R| — + ——
£ 4.0x107 slope=-4.13E-6 T M O, M N
E} _7_' ] DoZ-N2 = Q [26]
L 3.0x10 pod 0,-N,
] in cm?/s whereM o, andMy, are the molecular weights of the two
1.0x107 T gaseous specie$) is the collision integrahtroz_Nz is the average
T T T T T T T T T T T T

006 008 010 012 014 016 018 020 collision diameter, ang is the total pressure. The collision diameter
p{atm) 0 0,-Ny» given in angstroms, is the arithmetic average of the diam-
! eters of the two species present

Figure 4. Oxygen flux through porous LSM discs fabricated with varying
amounts of carbon, between 20.0 and 30.0 wt%, as a function of oxygen © The bottlenecks are almost certainly smaller than pore radii determined from mi-
partial pressure inside the cell. Measurement conducted at 800°C. crographs. Thus, the above leads to an overestimate of the Knudsen diffusivity.
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Figure 5. Effective binary diffusivity,Dgf;Nz, VS. open porosity.
To,N, = 5(00, F on,) [27]

The collision integral) is a dimensionless quantity that accounts
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Figure 6. Tortuosity factorvs. open porosity.
Def 2 8RTYV, a1
2K 3a My T [31]

for interaction between the two gaseous species via the LennardvhereM; andM, are the molecular weights of gaseous species 1

Jones potential. For the binary gas system ¢fNQ at 800°C, the
collision integral is close to uni}# The bulk diffusivity of
0,-N, as determined by Eq. 26, is approximately 2.08%/sat
800°C and 1 atm.

Based on the calculated,@N, bulk diffusivity (Eq. 26), the
measured effective ON, diffusivity (Table 1), and the volume
percent of porosity(Table I), the tortuosity factory, can be esti-

and 2, respectively.

Knowing the tortuosity factor, the effective Knudsen diffusivities
of both G, and N, through the porous LSM samples can be deter-
mined by Eqg. 30 and 31 assuming some pore radius. In the present
work, the pore size was estimated from SEM micrographs. How-
ever, the actual pore bottlenecks are almost certainly smaller. Thus,
the present calculations of Knudsen diffusivities are overestimates.
The calculated @and N, effective Knudsen diffusivities for the

mated by Eq. 25. The calculated tortuosity factors for the porous

LSM samples fabricated with 20 to 30 wt% carbon are presented irPorous LSM samples at SOOOC apd 1 atm are listed in Table II. The
Table II. The tortuosity factor decreases from a value of 19.7 to 7_8calculated Knudsen diffusivities increase from 0.23 to 1.68 for the

with increasing carbon content from 20 to 30 wt%. The tortuosity samples fabricated from 20 to 30 wt% carbon. For all samples, both

factor decreases with increasing open porosity in a nonlinear manndf'® Dgfer andDﬁf;K are an order of magnitude greater t“ag;-sz

as shown in Fig. 6. Typically, the tortuosity factor of porous media which is consistent with the original assumption. However, it is to
lies between 2 and 6, but values as high as 10 have been repbrtedbe emphasized that the actual bottlenecks may be smaller than the
The estimated tortuosity factors of the LSM samples fabricated withassumed pore sizes. If this is the case, large tortuosity factors esti-
20, 22.5, and 25 wt% carbon were high with values ranging betweermated for samples of lower porosity may principally be the result of
15.6 and 19.7. Such high values of tortuosity factors are probablyneglecting the effects of Knudsen diffusion.

the result of neglecting Knudsen diffusion, surface diffusion and h f the effecti . iffusivity of
adsorption/desorption processes. It is quite possible that the dimen- 1he temperature dependence of the effective binary diffusivity o

sions of bottlenecks in the pore structure may be considerablyP2-N2.—The effective diffusivities of @ N, through porous media

smaller than the estimated average size of pores from SEM micro@t vVarious temperatures were measured. The effective diffusivities
graphs. This would mean that the actual Knudsen diffusivities arefor the samples fabricated with 22.5°carbon. and 27.5 wt% carbon at
probably smaller than assumed, and high tortuosity factors are thdemperatures between 650 and 800°C are listed in Table Ill. As seen

result of neglecting the effects of Knudsen diffusion.
For evaluating the Knudsen diffusivity given in Eq. 24, the fol-

in the table, theD(e)f;_N2 increases with increasing temperature. The
increase in effective diffusivity with temperature is due to the in-

lowing expression was used to determine the mean molecular velocerease in the average molecular velocity and the mean free path. As

ity of a gas species in a mixture

8RT
’ITMl

(28]

v =

whereM is the molecular weight of component 1 in a mixture.
Combining Eg. 24 with Eq. 28 gives
2 8RT

DK 3 ’1TM1

32 [29]
Combining Eq. 25 with Eq. 29 gives the effective Knudsen diffusiv-
ity for each gaseous species in the mixture
2 [8RTV,
a —
My T

eff _
DlK -

3

[30]

and

a function of temperaturd;, the average molecular velocity follows
aT%®dependence and the mean free path is linear WitFhus, the
effective diffusivity should exhibit &° dependence. The effective
diffusivity for both samples plotted as a function Bf®is shown in
Fig. 7. The effective diffusivities are linear with respect to

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

Dg“;_N2 (cn?/s)

Temperature Sample fabricated Sample fabricated with
(°C) with 22.5 wt% C 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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Figure 7. Effective binary diffusivity, D&y, , as a function of temperature, 012 ot o
T15, for porous LSM disks fabricated with 22.5 and 27.5 wt% carbon. T 20 wt% C
0104  —----225W1% C T
S q{ e 25wi% C
T consistent with the Chapman-Enskogg relation. The intercept,-‘_,EE 0084 27.5 ‘i"t% c T
however, should be zero. The observation that the intercept is nong 30 wt% C
zero is simply the result of experimental scatter in measurementsg 0.6 .
The slope of the sample fabricated from 27.5 wt% carbon is greatel$
than that for the sample fabricated from 22.5 wt% carbon by a factor% 0,04 i
of 2.5. The difference in slopes is partially attributed to the higher 3
percentage of porosity and a lower value of tortuosity in the sample§B
made with 27.5 wt% carbon as compared to the samples made witl® 0027 ]
\Y,
22.5 wt% carbon. A comparison of the rati@rg for the two samples 0.004
0.0 22

at 800°C(Table Il) shows that they differ by a factor of approxi-
mately 1.9. (b)

The

Current Density (A/cmz)

limiting current density and concentration polariza- Figure 8. (a) Calculated cathode overpotential as a function of current den-

tion.—The limiting current density due to concentration polarization sity for porous LSM cathodes fabricated with 20.0 to 30.0 wt% carbon.

at the cathode is determined by setting Eq. 20 to Ziezqg,p; ~ O,

Cathode thickness= 50 pum. Cathode-limiting current density calculated
using Eg. 32(b) Calculated cathode overpotential as a function of current

density for porous LSM cathodes fabricated with 20.0 to 30.0 wt% carbon.

ff
4FD'302_N2
RTI

[32]

les =~

( 0)
° p p

wherep, is the partial pressure of oxygen in the oxidéait) outside
of the cathodéPa or atm)p is total pressureD%f;_N2 is the effective

O,-N, diffusion coefficient of the porous cathode (dsor nt/s),

Cathode thickness= 200 um. Cathode-limiting current density calculated
using Eq. 32.

and | is the cathode thicknes&m or m). If the more accurate
equation(Eqg. 19)is used instead, the limiting current density is
given by

Table IV. Measured effective diffusivity, open porosity, and cathode limiting current density for LSM disks fabricated with various amounts of

carbon.

ff Open . . ) b . . ) b
Sample no., 0N, porosity i cs (50 pmy i cs (50 pmy) i cs (200 pum) i cs (200 pm)
percent C (cr?ls) (%) (Alem?) (Alcm?) (Alcm?) (Alem?)
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

aCalculated 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 Alcn?.

20 wt% C 225 wt% C 25 wt% C 27.5wt% C 30 wt% C
Cathode Cathode Cathode Cathode Cathode
Thickness overpotential overpotential overpotential overpotential overpotential
(m) (mV) (mV) (mv) (mv) (mV)
50 7.1 3.9 2.3 1.4 0.9
100 17.3 8.6 4.8 3.0 1.8
150 36.1 145 7.6 4.6 2.7
200 86.2 22.4 10.8 6.4 3.7
4|:Deoff_N D of porosities, and as a function of temperature between 650 and
g~ 2 2 pln( ) [33] 800°C. The results showed that transport through porous LSM discs
RTI P~ Po could be adequately described by effective binary diffusion. The

0,-N, effective binary diffusivity,Dgz_Nz, at 800°C increased from
~0.016 t0~0.12 cnt/s with increasing open porosity between 15

ohmic contribution or the anodic polarization may smaller. For ex- @1d 44 vol%. Using the values of the effective diffusivities mea-
ample, in an electrolyte-supported cell, the ohmic polarization jsSured, cathodic concentration polarization was estimated. The results
usually the largest. In such a case, the short circuit current densitpOW that for relatively thick cathodés-200 um), cathodic con-
occurs mainly due to the fact that almost all voltage drop is attrib- CENtration polarization can be significant, especially at lower porosi-
utable to the ohmic polarization. The limiting current densities given {i€S- This shows the importance of ensuring that the open porosity in
in Eq. 32 and 33, are useful for estimating the contributions c)ftheﬂ cathode is adequate. Also using the experimentally measured
cathodic concentration polarization as a function current density. Do,-n,. the volume fraction of porosity, and the calculated binary

In terms of the limiting current density.,, the concentration  diffusivity by the Chapman-Enskog model, tortuosity factors were
polarization at the cathode is givenas estimated. The estimated tortuosity factor ranged betwez8 and
RT ( i

In practice, limiting current densities given by Eq. 32 or 33 often
may not be realized since limiting current densities due to either th

~19.7, the latter for samples with relatively low porosity. At high
- 1= = values of porosity, the estimated tortuosity facter7.8) may be
4F attributed to the tortuous nature of gas transport. Very high tortuosity
factors (such as>10), in samples with a low volume fraction of
wherei is current densityA/cm?). Assuming that the cathode of an open porosity, are probably the result of neglecting Knudsen diffu-
anode-supported SOFC has a similar microstructure as the porousion and surface diffusion. In these samples, it is possible that the
LSM disc samples, the cathode limiting current density and cathodepore size, especially the bottlenecks, may be on the order of the
polarization can be estimated by Eq. 32 or 33, and 34. Table IV listsmean free path.
the cathode limiting current densities calculated for different effec-
tive diffusivities for cathodes of two different thicknesses; 50 and
200 pm. The cathode concentration overpotential as a function of Acknowledgments
current density(up to 2 A/cn?) for cathodes with various effective This work was supported by the U.S. Department of Energy.
diffusivities is shown_ln Fig. 8a and b for ca_lthode_ th_lc_knesses of SONETL, contract no. DE- AC26-99FT40713.
and 200um, respectively. Note that there is a significant effect of
cathode porosity on concentration polarization, especially for the
cathode thickness of 20Qm. Thus, the effective diffusivity of
0O,-N, in porous cathodes can greatly influence the overall perfor-
mance of a cell.

The effects of cathode thickness and porosity on the cathode 1. K. Z. Fung and A. V. Virkar, irSolid Oxide Fuel Cells (SOFC-IVM. Dokiya, O.
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