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Fuel Composition and Diluent Effect on Gas Transport
and Performance of Anode-Supported SOFCs
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Anode-supported solid oxide fuel celSOFCs)with Ni+yttria-stabilized zirconidYSZ) anode, YSZ-samaria-doped cef&DC)

bilayer electrolyte, and Sr-doped LaCpQ@.SC)+SDC cathode were fabricated. Fuel used consisted, afildted with He, N,

H,O, or CGQ,, mixtures of H and CO, and mixtures of CO and GOCell performance was measured at 800°C with the
above-mentioned fuel gas mixtures and air as oxidant. For a given concentration of the diluent, cell performance was higher with
He as the diluent than with \as the diluent. Mass transport through porous Ni-YSZ anode feid;D, CO-CQ binary systems,

and H-H,O-diluent gas ternary systems was analyzed using multicomponent gas diffusion theory. At high concentrations of
diluent, the maximum achievable current density was limited by the anodic concentration polarization. From this measured
limiting current density, the corresponding effective gas diffusivity was estimated. Highest effective diffusivity was estimated for
fuel gas mixtures containingHH,0-He mixtureg~0.55 cni/s), and the lowest for CO-CQnixtures(~0.07 cn¥/s). The lowest
performance was observed with CO-C@ixture as a fuel, which in part was attributed to the lowest effective diffusivity of the
fuels tested and higher activation polarization.
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Recent work has demonstrated that anode-supported solid oxideeforming and gas shift reactions in a Ni-YSZ porous anode using a
fuel cells (SOFCs)exhibit high performance at intermediate tem- single-channel model. The study showed that the anode structural
peratures. Maximum power densities as high as 1.8-1.9 Mhave parameter, defined as the ratio of porosify, to tortuosity,r, had a
been reported at 800°C for anode-supported single télis.a typi- significant effect on methane conversion rate. A reduction of the
cal anode-supported SOFC, the anode support is a Ni-yttriastructural parameter by 26% lowered the methane conversion by
stabilized zirconigYSZ) cermet between-0.5 and 2 mm thick. The  12%. No electrochemical overpotential or performance measure-
electrolyte is a thin(~10 wm), dense YSZ film supported on a ments, however, were correlated with gas transport in this study.
porous anode substrate. The cathode is usually a porous mixture ofakabeet al? studied gas transport in4H,0O and CO-CQ binary
strontium-doped manganite, 1.3SrMnO;_; (LSM), and YSZ+3 systems through porous anodes. Under a constant current density,
or a porous mixture of strontium-doped cobaltite, Lgsr,CoO; 5 the concentration distributions of reactants &d CO along the
(LSC), and Sm-doped CeO(SDC)# In addition, single-phase, direction normal and parallel to the electrode/electrolyte interface
mixed ionic-electronic conductofMIEC) materials have also been were evaluated. The results showed that the calculated concentration
used in high-performance fuel cells. The use of thin electrolyte film polarization was much higher for CO-G@han for H-H,O due to
results in a relatively low ohmic contribution to the total cell resis- the much lower diffusivity of CO-C®. These computational results
tance, which makes it possible to operate anode-supported SOFCs afere also compared with experimental measurements. The results
800°C or lower and thereby realize the benefits of a lower temperaon steam-reformed methane as fuel indicated that the gas shift reac-
ture operation, such as the use of inexpensive metallic interconnection in porous anodes effectively reduces concentration polarization.
One of the potential benefits of SOFCs over low-temperature fuel In the present paper, we address mass transport in porous anode
cells, such as proton exchange membraf&EMs)is fuel flexibility, support of an SOFC. Studies were conducted on a variety of fuel
because SOFCs can potentially operate on various fuels includingnixtures, such as as-received ;Hmixtures of H with inert gases
hydrogen, carbon monoxide, methane, and other hydrocarbon fuelsuch as He, and N H,-H,0, H,-CO, and H-CO, mixtures; and
without the problem of CO poisoning. Recent work has also showncO-CQ, mixtures. All tests were conducted on one cell to ensure
that it may be possible to operate SOFCs directly on a number othat possible differences due to cell-to-cell variations are eliminated.
hydrocarbon fuels, without the necessity of reformiiffgHowever,  Mass transport in these binary and ternary systems was analyzed.
in anode-supported SOFCs, significant losses may occur due to thghis included the estimation of effective diffusivities of gaseous
resistance to the transport of fuel gas through a relatively thick anspecies through porous anodes, the effect of diluents on transport,
ode, and especially at high fuel utilizations. The losses at the anod@nd the associated concentration polarization. In the case of mix-
are expected to become even more severe when the fuel used cofires of CO and K, the effect ofin situ gas shift reaction was
tains gaseous species of molecular weights much greater than that @kamined.
hydrogen (H), such as CO, CK or other hydrocarbons. It is thus
imperative that a thorough investigation of the transport character-
istics of various gaseous species through porous anodes be con-
ducted to fully assess anodic concentration polarization losses in  Cell fabrication—While only measurements on one cell are re-
anode-supported SOFCs. Gas transport through porous bodies, ap@rted, a number of cells were fabricated. Single cells consisted of a
the effects of parameters such as volume fraction porosity, morpholNi+YSZ anode substrate, a Ni+YSZ anode interlayer, a YSZ-SDC
ogy of pores, and pore size, have been studied in great &&fail. bilayer thin-film electrolyte, a LS€SDC cathode interlayer, and a
However, there is limited information available in the literature per- LSC cathode current collector layer. The procedure for preparing an
taining to SOFCs. anode substrate and an anode interlayer was described elsewhere in

Insofar as SOFCs are concerned, there are only a couple of pajetail® and is briefly described here. NiO and YSZ powders from
pers in the literature examining gas-transport phenomena in porousommercial sources were mixed in requisite proportions and ball-
anodes with emphasis on hydrocarbon fuels. Lehaerl!! con- milled in alcohol, dried, and screened through a 150 mesh sieve. A
ducted a simulation study of gas transport coupled with steam-ircular disk~1.2 mm thick and~3 cm diam was uniaxially die-

pressed and presintered at 1000°C for 1 h. The disk was then coated
with a slurry of NiO+YSZ anode interlayer and fired again at the

* Electrochemical Society Active Member. same temperature fd h to form a NiO+YSZ interlayer-20 wm

2 E-mail: anil.virkar@m.cc.utah.edu thick. YSZ and SDC layers were applied on the anode interlayer

Experimental
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surface sequentially using YSZ and SDC suspensions made fromgs. -
YSZ and 20 mol% samarium-doped Cefbwders, dispersed ultra- Hn
sonically in appropriate amounts of suitable liquids. Then the bilayer &
electrolyte-anode substrate assembly was sintered in air at a tem-
perature between 1400 and 1500°C to form a dense, well-bonded
YSZ-SDC hilayer electrolyte-anode structure. The thickness of the
SDC layer was around gm and the total thickness of the YSZ-
SDC bilayer electrolyte thin film was 10 um. The thin SDC layer, ,
as part of the electrolyte, served as a barrier, which prevented a
direct contact between YSZ and LSC. In this manner, the possible
chemical reaction between YSZ and LSC, which can form insulating
La,Zr,0; during a high-temperature firing step, could be prevented.
The porous cathode interlayer was a composite of 50 wt %
strontium-doped lanthanum cobaltiféa; ,Sr,CoO; 5 (LSC), x
= 0.3-0.7] and 50 wt % SDC. The cathode interlayer was applied
by screen-printing, followed by firing at a temperature between 1050
and 1300°C for 2 h to form a good bond between the SDC layer and
the cathode interlayer. The thickness of the interlayer after firing was
~20 pm. On top of the interlayer, a porous layer of LSC was ap-
plied, followed by firing at a temperature between 1050 and 1300°CFigure 1. An SEM micrograph of a polished section of the#\fSZ anode
for 1 h in air. Thefinal anode thickness and the disk diameter were (after impregnating with an epoxy
1.1 and 27.7 mm, respectively. The cathode area was 121 cm

s

The measurement of cell performared he cell was mounted in
a test fixture, which consisted of an alumina tube and an alumina Results
ring. The cell was secured between the alumina tube and the alu- An SEM micrograph of a polished section of the Ni-YSZ anode
mina ring and spring-loaded to ensure good sealing between the cei shown in Fig. 1. Figures 2-4 show cell voltage current density,
and the alumina tube using a flexible gasket. A silver mesh and a Niand power density/sl current density traces with as_receiveg’H
mesh, used as current collectors at the cathode and the anode, rgng H, diluted with various concentrations of He; Nand CQ. For
spectively, were spring-loaded against, respectively, the cathode angy_received K as the fuel, the OCP was around 1.05 V, the maxi-
the anode. Measurements were carried out at 800°C, at 1 atm totg}, ,m power density was about 1.7 W/&rand there was no obvious
pressure(both fuel and air), and at predetermined, constant total|imiting current density, even at the highest current density of 4.5
flow rates of fuel or fuel mixture and of air. The cell was reduaed Alcm? at which measurements were made. Whenvkas diluted
situ at 800°C in a 10% K+ 90% N, mixture for several hours \yith various diluents, the general trend was similar for each diluent,
prior to measurements. The fuel flow rate was maintained at 14G,5mely: (i) with increasing dilution the open-circuit voltag®CV)
mL/min and the air flow rate was maintained at 550 mL/min in all decreased, andij the maximum power density as well as the maxi-
experiments. Open-circuit potential©CPs)were measured under ), ¢ yrrent density decreased. At high diluent concentrations, sub-

constant fuel flow over the anode and the airflow over the cathodegy,niia| concentration polarization was present as evidenced by the
Cell performance was measured using various fuel gas mixtures

S . - ; 3 observation of a limiting current density. Since the cathode condi-
which included as-received Hstraight from the as-received cylin-  {jons were kept the same, the observed changes in performance with

ders, 99.99% pure }), as-received CQ(straight from the as- jfferent diluents and their concentrations could be solely attributed
received cylinders, 99.99% pure GH, + CO mixtures, H di- to changes made in anodic conditions.

luted with He, N, CO,, H,0O, and CO diluted with CQ. Currer_1t- A comparison of Fig. 2 (k-He), 3 (H-N,), 4 (H,-CG,), and 5
voltage (I-V) curves were measured at various diluent (H,-H,0) shows that the maximum power density achieved at the
concentrationsi,e., at various partial pressures of the diluent, while highest concentration of the diluefit 78-81%)was the highest for

the total flow rate of fuel mixture was kept constant. Current densi-y__He mixtures(~0.75 W/cn?) and the lowest for b+CO, mix-
ties were calculated based on the cathode area. The fact that catho es(~0.3 W/cn?). Also, the corresponding short-circuit current

area is different from the anode surface exposed to fuel introduces a
small error(typically <10%) in the power density. This issue has
been addressed in detail elsewhereCell tests with as-received

hydrogen were conducted without bubbling through a water bubbler. T . . T — 2.0
Cell characterization—Porosity of the Ni-YSZ anode was mea- 10 ot " -
sured using the Archimedes method. The tested cell was broken into "y I vy - o
several small pieces. Dry weightVy,, wet weight, Wy, and . 98 % :.: e v, T z
weight in water,W,,..c;, Were measured using a high-accuracy bal- 2, v, 1inon ® i A 'S 5
ance. Wet weight was measuréd air) soon after the surface of the 8 042 i v ,‘ B TP g
sample was wiped dry, after boiling in water for 2 h. Porosity was % pe i § oY 0“(‘;20*08 g . 41.0 3
calculated according to the equation > - Mt - o O% AE S o o %
4 moy? Vv
Wier — W ] v s % b T o5 8
Porosity= Wm—dry 1 v v o i
v Wwet - Wwater [ ] 024 , %

One of the fractured pieces was evacudtedremove air from the 0.0 #—— . . RS S e ———— 0.0
pores)and impregnated with an epoxy. After hardening the epoxy, 00 45 10 15 20 25 30 35 20 45
the sample was polished down tquin finish. The microstructure of Current Density (A/cm’)

the cell was examined using scanning electron micros¢S®BM)
and the mean pore radius was determined by quantitativerigure 2. Voltage and power densitys. current density at 800°C with as-
stereolog)}.“ received H and H, diluted with He as fuel.
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Figure 3. Voltage and power densitys. current density at 800°C with as-
received H and H, diluted with N, as fuel.

density was the highest for HHe mixture(~1.55 A/cnf) and the
lowest for H-CO, mixture (~0.7 Alcnf). The highest power den-
sity measured was-1.7 W/cnf for this cell with as-received Has
the fuel. A comparison of ltHe and H-N, mixtures, wherein the

diluent is inert, shows that the maximum power density at the high-

est diluent concentration is-0.75 Wi/cnf for H,-He and ~0.5
W/cn? for H,-N, mixtures. Also, the corresponding anode-limiting
current densities were-1.55 Alcnf for H,-He mixture and~0.85
Alcm? for H,-N, mixture of similar diluent concentrations.
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Figure 5. Voltage and power densitys. current density at 800°C for
H,-H,O binary system with various concentrations gfCH

considerably lower than that with as-received &b the fuel(Fig.
2-5). For the gas mixture containing 18% €82% CQ, the maxi-
mum power density was only0.1 W/cn?, and the corresponding
limiting current density was only-0.2 Alcn?. An examination of
Fig. 2-6 shows that a limiting current behavior is observed in all
cases at higher diluent concentrations. The limiting current density,
i.s, for each case is plotteds. the partial pressure of the fuel gas
(either H, or CO)in Fig. 7. It is seen that the dependencéd gfon

the respective partial pressurp,_,(Z or pco) is close to linear, with

As seen in Fig. 4 and 5, the OCV exhibited a stronger depen-H;-He fuel (or H,-H,0-He mixtures)exhibiting the highest,sand

dence on the diluent concentration when the diluent was eithgr CO

the highest slope, and the CO-g@ixtures exhibiting the lowestg

or H,O, consistent with expectations as the diluents in these caseand the lowest slope.

are not inert, and enter into chemical reactions of the following type
In H,-H,O mixtures

H, + 30,&H,0
and in H-CO, mixtures
H, + CO,<H,0 + CO

until the respective reaction equilibria are established.

Figure 6 shows cell performance curves for gas mixtures con-

taining CO and CQas the fuel. The maximum power density mea-
sured with as-received CO as the fuel wa8.7 W/cn?, which is
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Figure 4. Voltage and power densitys. current density at 800°C with as-
received H and H, diluted with CQ as fuel.

Figure 8 shows the performance curves with-H CO gas mix-
tures as the fuel, where the composition was varied betwek0%
(as-receivedH, and ~100% (as-receivedCO. The OCV is essen-
tially independent of the relative proportions of, ldnd CO. The
maximum power density varied betweerl.7 W/cnf for 100% H,
to ~0.7 W/cnf for 100% CO. Note that the maximum power den-
sity for CO concentrations less than55% ranges betweer 1.5
and~1.7 W/cnt; and for CO concentrations between 68 and 100%,
the maximum power density ranges betweeh?2 and~0.7 W/cnf.

Discussion

Thermodynamic calculation of OCMsThe thermodynamic
OCV of a fuel cell, which is the Nernst potential, is given by
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Figure 6. Voltage and power densitys. current density at 800°C for
CO-CO, binary system with various concentrations of £O
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In( )
where PO, cathody is the partial pressure of oxygen at the cathode

(under open-circuit conditionswhich is 0.21 atm when air is used
as the oxidantpoz(amde is the partial pressure of oxygen in fuel at

the anodgunder open-circuit conditionsFor example, when His
the fuel

RT

pOZ(cathode
£ = o In| e 2]

poZ(anodé

H, + EOZ@HZO [3]
at equilibrium, the partial pressure of oxygen at the anp@g(,anode
is given as

| 2AG3 o PH,0 y
N PO, anode — RT n PH, [4]

where AG3 is the standard free energy of Reaction 3. 8} is
—188.165 kJ/mol at 800°€% At various partial pressures of,Hand
H,0, PO, anocy €A1 be calculated from Eq. 4 and the OCV can be
determined using Eg. 2.

Figure 9 shows the calculatqnbz(anode (except for as-received
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Figure 8. Voltage and power densitys.current density at 800°C for +-CO
mixtures as fuel with various concentrations of CO.
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Figure 9. Partial pressure of oxygen at the anode and OCV as a function of
Ph,0 for Hy-H,O at 800°C.

H,, whose water content was not knowithe calculated OCV, and
the experimentally measured OCV as a functiorpp;o. The par-

tial pressure of oxygen at the anode increases frorf’atm to
10" atm, and the calculated OCV decreases from 1.021 to 0.877 V,
when thepHzo increases from 0.15 to 0.8 atm. The measured OCV,

in general, exhibits the same trend as the calculated one, although it
is about 50 mV lower than the calculated OCV. For the reaction

CO+ 310,&C0, (5]
the standard free energ§G?, is —189.65 kJ/mot> At pco lower
than 0.8 atm, the disproportionation reaction

2C0=CO, + C [6]

for which the standard free energy change A$Gy; = 17.63
kJ/mol® should not occur at 800°C and 1 atm pressure, based on a
thermodynamic calculation. For valuesmfg less than 0.8 atm, the
partial pressures of CO and G@ the initial gas mixture were used

to estimate the equilibrium partial pressure of oxygen at the anode,
namely,poz(anod using the following equation

For values ofpcp greater than 0.8 atm, first the partial pressures of
CO and CQ according to the disproportionation reaction, Reaction
6, were estimated. Thepoz(amde was estimated using the corre-
sponding values of the partial pressures of CO and @@l Eq. 7.
Finally, the OCV was calculated as a function of the partial pressure
of CO, in the initial mixture,pgoz. The calculateoboz(anodé, the
calculated OCV, and the measured OCV are plotted as a function of
pgoz in Fig. 10. The trends in the measured OCV and the calculated
OCV are similar, although the measured OCV is between 50 and 75
mV lower than the theoretical values.

For calculatingooz(anode and OCV for H + CO, gas mixtures as
the fuel, the reverse gas shift reaction, namely

H, + CO,&H,0 + CO

,
2AGY
RT

Pco,

[7]

In pOZ(anode = pCO

(8]

for which the standard free energyA$s3 = 0.385 kJ/mol at 800°C
was considered. The corresponding equilibripgy, Pco, PH,:

and Pw,0 Were calculated. Then the correspondmg(amde was cal-

culated using either the JHH,0O equilibrium or the CO-C@ equi-
librium. Using the calculateqboz(anode, the OCV was estimated by
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1.2 ——1—— T y ———T—T T -16 cant uncertainties may exist in such calculations, no corrections for
g Fuel: CO + CO, . leakage were made, and the data reported are as measured.
— 1 ‘
109 h ”\D\u\m\ o v Gas transport in porous anodesGas transport through porous
s -/f7<n~n electrodes and correlation with electrochemical performance for bi-
§ 0.5 - - 1% - nary gases, kH,O in the anode and £ON, in the cathode, have
5 /+/_> 8 been addressed in detAiThere are two main fluxes contributing to
Z o6 A Po, 119 T mass transport in a porous electrode: a diffusive and a viscous flux.
é | + | ;’ In general, the viscous flow, which is driven by a pressure gradient,
<‘-=> 04 / la § is negligible compared to the diffusive flow in porous electrodes.
g | Therefore, gas transport in porous electrodes is mainly due to diffu-
o) —0—Calculated 1 sion, which includes free molecular or Knudsen flow, and a con-
021 ® Experimental --21 tinuum flow.
1 The general diffusion process for a multicomponent gas system
00 e ————T 22 is described by the Stefan-Maxwell equation
00 01 02 03 04 05 06 07 08 09 10
Inital p’s,, (atm) Ni o XN XN P dX (9]
Dxi &= Dj RT dx
j#i

Figure 10. Partial pressure of oxygen at the anode and OCV as a function of

f - °C. . .
Peo, for CO-CQ, at 800°C where N; and N; are molar fluxes of components i and(fjo.

mol/cn? s), respectivelyDy ; and D are the Knudsen diffusion
coefficient for component i and the binary diffusion coefficient for
Eq. 2. The Calcu'ate@oz(anode’ the calculated OCV, and the mea- COmMponents i and j, respectively; andX; are the mole fractions of

. . . components i and j, respectiveR,is the total pressurd is the gas
sure_d_(_)CV are plotted %S a f_unct_|on of the partlal_ pressure ofig0 constant]T is the absolute temperature, axis the coordinate along
the initial gas mixturepco, , in Fig. 11. As seen in the figure, the

: ~ the diffusion direction. Knudsen diffusion is due to molecule-to-wall
calculated and the measured OCV are in good agreement, especialtypllision, which predominates over molecule-to-molecule collision
for higher values opgoz. when the pore size is smaller than the mean free {fafine Knud-

The thermodynamic calculations and comparison with experi-S€n diffusion coefficient can be computed according to the kinetic
mental results show generally reasonable agreement between tf{Beory of gases, using the following formula

calculated and experimental OCV values, insofar as the trends are 2 [8RT\ 12
concerned. However, the experimental values of the OCV are typi- Dk = —(—) T [10]
cally about 50 mV lower, and in some cases as much as 100 mV 3\ mM;

lower. There are a couple of possibilities for this discreparigy. . ) ) .

There may have been a few pinholes in the YSZ filiii) (The wherer is the mean pore radius aid; is the molecular weight of
sealing may not have been perfect. A lower OCV thus would imply the diffusing gas. The binary diffusion coefficiem;, is generally

a higher HO or CO, pressure and a correspondingly higher partial experimentally measured or calculated using the Chapman-Enskog

~ — equationt® if it is not available experimentally. According to the
p_ressure of oxygen at t_he ano%ﬂaﬂodé' Leal_<age 1S .also the pos Chapman-Enskog model, the binary diffusion coefficient irf/sris
sible reason that OCV in JHHe and B-N, mixtures is dependent given by'®

upon the relative proportions of Hand inert gas. If there had been
no leakage, ideally, it would be expected that the OCV would be
essentially independent of the concentration of inert diluent, He or

N,. In principle, using the measured OCV, tm@z(;mode can be Dy =
calculated and thus the relative amount of waterCO,) present in
the fuel can be estimated. However, as the general trend in measur

OCYV is consistent with calculationgnd expectationsand signifi-

1 1/2

1
86X 107373 — + —
1.86x 10°°T (Mi M,

chrﬁ

[11]

?/vdhereﬂ is the collision integraldimensionless)g; is the average
collision diameter(in angstroms)M; andM; are molecular weights
of component i and j, respectively, ailis the total pressurén
atm). Using{) and o; data from Cusslel? the calculatedD;; for
T T T T — T T various gaseous species and at several temperatures are listed in
q-17.0 Table I, along with some experimental values from the literature for
. ] comparison>17:18slight difference, usually less than 10%, is often
0.8 Fuel: H. + GO 1178 observed between the calculated values and the experimental values

2 2 1 over a range of temperatures between room temperature and 473 K.
Little data are available at higher temperatures. Hebgeat 800°C
were estimated using the Chapman-Enskog model.

In the present experiments, the mean pore radius of the Ni-YSZ
electrode was estimated from SEM microgragiig. 1) to be ~0.5
| pwm. The calculated Knudsen diffusion coefficients at 800°C for H
1905 and CO through the Ni-YSZ porous electrode are 11.3 and #s¢m
| respectively. These values are comparable to the respective binary
0.0 4 200 diffusion coefficient of H-He, which is 13.3 crfls, and CO-CQ,
—_—— 17— : T which is 1.41 cri/s at the same temperatufEable 1). This indicates
00 01 02 03 04 05 06 07 08 08 that Knudsen diffusion is an important process in the present porous
Initial p°coz, (atm) anodes with 0.5um mean pore radius and should be taken into
account.

Figure 11. Partial pressure of oxygen at the anode and OCV as a function of ~For a ternary system such as-He-H,O, the H, molar flux
P, for Hp-CO, at 800°C. from Eq. 9 is given by

ful
T
8 T e—y

- -18.0
0.6

- -185

2,

une (°d) 6o

0.4

- -19.0
—0— Calculated
—e— Experimental

Open Circuit Voltage (V)

0.2 1
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Table I. Calculated binary diffusion coefficients from the cients or diffusivities are termed effective diffusion coefficients or

Chapman-Enskog equation and comparison with some experi- effective diffusivities. For H and CO, the corresponding effective
mental data from the literature. diffusivities are given b{f
Dj D = &D 18
(c?s) HyHe HyN, H,-CO, HyH,0 H,-CO CO-CQ Hyeff = — D, [18]
293K 1535 0.722  0.604 0.738 0.726 0.149

153 0728 0.65P 0834 0.73% 0.167 and

1.49 0.772 0.772

V.

473K 3417 1.626  1.395 1.819  1.642  0.349 Dcoer = — Dco [19]

348 163F 1519 1.99¢ 1.65F 0.384 K

3.3F 1.74%  1.47% 1.743

whereDH2 andD g are given, respectively, by Eq. 15 or 16 and 17.
As shown on the right side of Eq. 15, for a ternary system) is
dFrom Ref. 17. not only a function of diffusion coefficientg ., Dy, pe, and
® From Ref. 18. . . T2 A .
D, H,0: but is also a function of the mole fraction of the diluent

¢From Ref. 15.
gas,Xpe- If Xy varies from position to position along the diffusion
direction,DHZ will be a function of position. The variation o, as

1073K 13.29  6.303 5.56 7.704 6.373 1.408

Ny, XueNn, = Xu,Npe  Xp,oNp, = Xp,Npo a function of the positionx, can be determined by solving Eq. 9 for
D + D + D the He flux,Nye, given by
K.H, H, He H, ,H,0
p dX, Nhe XHZNHe - XHeNH2 XHZONHe - XHeNHZO
2
= *ﬁ dx [12] DK,He DHe,H2 DHe,HZO
g P dXge

Under steady-state conditiordy o = —Ny, andNy, = 0. Thus = “BT dx [20]

1 Xhe 1— Xue p dXy, , .

NH2 5 + 5 + 5 = “RT ix [13] Because the net flow of Hé\., is zero andNH2 = _NHZO in

KH, Hp.He Hp H0 steady state, Eq. 20 becomes
From Eq. 13, H flux can be written in a similar form as Fick’s N 1 1 P dXye 1
equation by H, Dheno  Dhen, He RT dx [21]

PDy, dXy,
N, = “RT “dx [14]  Integration of Eq. 21 gives
. . - o RTNyla/ 1 1
where Dy, is defined as the H diffusion coefficient in the Xlﬁe: XPo X 2 ( - ) [22]
H,-H,O-He ternary system, and is given by P Dher,  Drero
— -1 . . . .
D, - ( 1 N Xe N 1 XHe) [15] wherel, is the anode thicknes¥,, is the mole fraction of He at
2 \Dkn, Duyne  Du,no x = 0, andX2_ is the mole fraction of He at = I,. The case of

. ) o interest is that of a porous anode. Thus, the diffusivities must be
When X, = 0, i.e., for H,-H,O binary system, the Hdiffusion those corrected for porosity and tortuosity factor. Thus, the appli-

coefficient becomes cable equation is actually
1 1\ RTN,
DH=( + ) [16] la _ yo daf 1
2 DK,H2 DHz:Hzo XHe XHeeX P DHe,HZ,eff DHeszoyeﬁ [23]

Similarly, for the CO-CQ binary system, the CO diffusion coeffi-

cient is given by Equation 22 and 23 show thAt,. varies exponentially as a function

of position. For the case of transport through space, in the absence
1 1 -t of a porous body, the calculated variation)Xqf, along the electrode
[17] is very small. Using the estimated diffusion coefficients from the
Chapman-Enskog modelDyep, = 13.29 cnf/s and Dyepo

whereDy co and Do co, are the Knudsen diffusion coefficient of = 4.07 cnffs, the Xy at the electrode/electrolyte interfacé, (

CO and the binary diffusion coefficient of CO-GQrespectively. = 0.1 cm)is about 0.8% lower than the bulk molar value of He,
The preceding equations for diffusion coefficients are for trans-Xte, &t @ current density of 1 Alchni.e., for a molar flux of 5.18

port in a multicomponent gas system and do not account for theX 10"® molicn?s. Even at a current density close to the anode

volume fraction of porosity and the tortuous nature of path throughlimiting current density, 3 Alcf) Xy is only 3% lower thanXj,,.

porous bodies. When the transport occurs through a porous body, th8uch, however, is not the case for a porous body. For transport

interaction of gaseous species with the porous matrix must be inthrough porous anodes, Eq. 23 must be used. The corresponding

cluded. The simplest approach for taking this into account is tovariation inX,, is ~10% at a current density of 1 A/énand~20%

modify the diffusion coefficients by the volume fraction porosity, at a current density of 3 A/clmThough this variation is not insig-

V,, and the tortuous nature of the actual transport, characterized byificant, for simplicity we neglect this aspect and assume that the

the so-called tortuosity factor.'® The resulting diffusion coeffi-  diffusion coefficient of H is independent of position.

Dep =
€0 (DK,CO Dcoco
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If the electrode microstructure is not a function of positioa,,
V, andt are constant, integration of Eqg. 14, using effective diffu-
sivities, gives a simple equation for,Hlux in a ternary system,
similar to that for a binary system, namely

PDHZ,eff

Ny, = _W(XHZ - Xi,)

, [24]
where X,;2 and X, are the mole fractions of Hover the anode

surface & = 0) and at the anode/electrolyte interfase= 1), and
D, eff is the effective ternary diffusion coefficient as defined by Eq.

15 and 18. Replacing mole fractions with partial pressures, Eq. 24

becomes

DHZ,eff

Nu, = ~Ry, (P, — Pr,)

2

[25]

where pﬁ,z and py, are the partial pressure of,tbver the anode
surface & = 0) and the partial pressure of,Hat the anode/

ocieth50 (7) A942-A951(2003)

ZFDHZ,effpf—’iz
R
D, et AP
RTl, my

[31]
1+

In all experiments, when the mole percent of the diluent was
more than 40%, a limiting current density was observed. From the
experimentally measured anode limiting current density, one can
estimate the effective diffusion coefficients fop For several dilu-
ents and at various concentrations by rearranging Eq. 31 as follows

ias
i.s AP
RTI, my

Diy o = 3pe [32]
2

RTI,

Also, for CO-CQ mixtures, Eq. 32 can be used Wip:i,‘I,2 replaced

by po, andDHz,eﬁ replaced byD ¢ Table Il lists the calculated
diffusion coefficients from Equation 15-17, the estimated effective

electrolyte interfacex = |,), respectively. Assuming gases are well H, (and CO)diffusion coefficients from Eq. 32, and the experimen-

mixed above the anode, similar to the situation in a continuouslytally measured

stirred tank reactofCSTR), pgz is given by
Ni,A
L= PR — P 26
PH, = Pn, mr [26]

wherepﬁ|2 is the initial (incoming fuel)partial pressure of i Ais
the electrode ared..1 cnf), my the total molar flow rate of fuel and
diluent, andP is total pressure. Substituting fp(|2 from Eg. 26 into
Eq. 25 gives

Dy, e CONgA
Ny, = TRTL |\ P T PR T P [27]
Rearranging Eq. 27, Hmolar flux is given by
Dy, e(Pn, = pﬁz)
Ne RTI, (28]
Mz D, eff AP
RTl, my

A maximum in H, flux occurs wherpH2 at the interface approaches
zero. This maximum flux is given by

DH2 ,effpﬂz
RTI,

D, eff AP
RTl, my

[29]

NHz,max:

The net current density passing through the cell is related to the ne

hydrogen flux arriving at the anode/electrolyte interface, and is
given by

2FDyy, en(PH, — pﬁqz)
i = 2FNy. = RTl [30]
Mz ) D, eff AP
RTl, my

For the maximum possible hydrogen flux given by Eq. 29, there will

be a corresponding maximum in current density, which is the anode

limiting current density given by

a5 values from the voltage-current density polariza-
tion curves.
From Table Il, it is seen that the Hiliffusion coefficient,Dy,,

for H,-H,O is about five times larger than that for CO-E@ o .
For H,-H,0, the effective diffusion coefficient estimated using Eq.
32, ranges from 0.470 to 0.506 &fs, almost independent of gas
composition, consistent with Eq. 16. For CO-C@ixtures, it varies
from 0.063 to 0.090 cfis over the range oo investigated. This
suggests that mass transport of i H,-H,O mixtures should be
about five to six times faster than that of CO in CO-Q@ixtures. If
CO is used as a fuel, the cell performance is expected to be lower
than with H, as a fuel due to slow diffusion rate, regardless of other
effects, such as the intrinsically low electrochemical activity of CO.
Prior work has shown that anodic concentration polarization for
i H,!

H,-H,O gas mixtures is given By
—3) 1+ —— [33]
a pHZOI as

In(l - -
i
It is readily seen that the corresponding equation for CQ-Ges
mixtures as a fuel is given by
( ”

-
1- —

|a
Using Eq. 33 and 341, Was calculated as a function of current
density for a H-H,O mixture of composition 34% H— 66%
H,0O, and for a CO-CQ mixture of composition 32% CO68%
CO,, for which the corresponding anode limiting current densities
were ~2 and~0.5 Alcnf, respectively. The calculated concentra-
jon polarization is compared with the measured total polarization
y subtracting the ohmic contributipim Fig. 12. It is readily seen
that anodic concentration polarization is much greater in CQ-CO
mixtures as compared to,HH,0O mixtures. The difference between
the measured totdkexcluding the ohmicand the calculated anodic
concentration polarization is attributed to anodic and cathodic acti-

[o]

RT
2F

+ RTI
2"

MNconc =

RT RT
Mconc = _Eln + ﬁln

f°°_i ) [34]

pCOZI as

2Since the partial pressure of,lor CO at the anode/fuel interface is a function of
the current densityusing Eq. 26, one must strictly uspy, instead ofp‘ﬁ|2 (or pco

instead ofpgp) in estimating the concentration polarization and attribute the re-
mainder of the terms to polarization associated with the depletion of fuel. Here, the
two terms are combined into a single equation describing concentration polariza-
tion, namely, Eq. 33 for blas a fuel(or Eq. 34 for CO as a fugl
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Table II. Partial pressure of dilute gas, anode limiting current density, H, and CO diffusion coefficient, porosity, and tortuosity.
H,-H,0 Binary System
Dy, (cn/s) D, efr (cn/s) Porosity (%)
P, i a5 (Al (cal.) (exp.) (exp.) Tortuosity
0.2 1.3 4.58 0.506 54 4.89
0.34 2.1 4.58 0.470 54 5.26
0.5 3.25 4.58 0.506 54 4.89
CO-CO, Binary System
Dco (cn¥/s) Dco.eff (CNP/S) Porosity (%)
Pco i s (Alc?) (cal.) (exp.) (exp.) Tortuosity
0.18 0.21 0.958 0.063 54 8.27
0.23 0.31 0.958 0.073 54 7.08
0.32 0.49 0.958 0.084 54 6.17
0.44 0.73 0.958 0.091 54 5.65
H,-He-H,O Ternary System
Dy, (ents) D, et (CNF/S) Porosity (%)
Pre i s (Al (cal.) (exp.) (exp.) Tortuosity
0.78 1.5 5.677 0.545 54 5.62
0.65 2.4 5.458 0.550 54 5.35
0.53 3.25 5.269 0.558 54 5.10
0.42 4 5.108 0.556 54 4.96
H,-N»>-H,O Ternary System
Dy, (envls) D, et (CNT/S) Porosity (%)
P, i .5 (Alcm?) (cal.) (exp.) (exp.) Tortuosity
0.8 0.89 4.135 0.295 54 7.56
0.67 1.56 4.2 0.320 54 7.09
0.57 2.3 4.252 0.379 54 6.05
0.5 2.65 4.289 0.375 54 6.18
H»>-CO,-H,0 Ternary System
Dy, (cr/s) D, eff (crP/s) Porosity (%)
Pco, i s (Al (cal.) (exp.) (exp.) Tortuosity
0.81 0.7 3.858 0.230 54 9.00
0.68 1.43 3.957 0.296 54 7.20
0.6 1.88 4.021 0.317 54 6.84
0.5 2.4 4.103 0.327 54 6.77

vation polarizations and cathodic concentration polarization. The ca{Eq. 33)is ~0.017 V, which includes(a) cathodic concentration
polarization,(b) cathodic activation polarization, ar{d) anodic ac-

thodic polarization(activation+concentrationis the same for the

two curves. For the test with 4H,0 as the fuel, at 0.25 A/chthe

Overpotential (V)

Figure 12. Comparison of the measured total polarizatitess the ohmic
contribution as a function of current densitys. calculated concentration
polarization for:(a) ~34% H, + ~ 66% HO and(b) ~32% CO+~68%

CO,.

1.0 —
0.9 66% H,0+ 34% H, J
] —rrme M, (Calculated)
0.8 ?’7 5 Ngea (EXperimental) -
0.7 68% CO,+ 32% CO i
| Ny, (Caleulated)
06 O Tgeyo (Experimental) i
0.5 1 ]
0.4 1 ]
0.3 ]
0.2 7 ]
| 019V, v
0.1 IV e - ]
0.0 = e — y . ,
0.0 0.5 1.0 15 2.0

Current Density (A/cmz)

2.5

tivation polarization. At the same current density, the difference be-
difference between the measured and the calculated polarizatiotween the measured and calculated polarizatiem 34)is ~0.19 V

for CO-CGO, as the fuel. However, the cathodic polarizations (gr

and (b) are identical for the two tests. Clearly, greater polarization
with the CO-CQ mixture, beyond what can be attributed to anodic
concentration polarization, is attributed to anodic activation polar-
ization. That is, anodic activation polarization with CO-£Cgaseous
mixture of the chosen composition at 0.25 Afcis ~0.173 V
higher than that with k#H,O gaseous mixture. This also suggests
that Ni+YSZ is not a very good anode for CO as the fuel. Indeed, it
has been reported in the literature that the electrochemical reaction
rate of CO is slower than that of +by at least a factor of tw&?
Comparison of performance curves for,-H,O mixtures with
CO-CO, mixtures from Fig. 5 and 6 shows that the lower perfor-
mance with CO-C@ mixtures cannot be attributed entirely to con-
centration polarization. Thus, although CO does not poison SOFC
anodes unlike PEM fuel cells, its low electrochemical activity, at

least with nickel-based anodes, and high concentration polarization
suggests that it is not an ideal fuel for SOFCs if a high power
density is a requirement.

The estimatedDH2 using the Chapman-Enskog model and the
analysis of multicomponent transport as a function of diluent type
and concentration is given in Table Il. The experimentally deter-
mined D, eff from the anode-limiting current behavior via Eq. 32,
which includes the effects of porosity and tortuosity, are also given
in Table II. Note that for He as a diluent, the estimatf):-;,x;i2 is higher
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than with N, as the diluent. Table Il also shows that estimated the exception of a small difference related to differences in concen-
D, i also similarly higher for He as a diluent compared toals trgtion polariza_tiom_ There is very little difference in performance

a diluent. Similar trends are observed for £&5 a diluent. Finally, with fuel§ ranging in compogltlon irom-100% "!z and ~45% .
for CO-CQO, mixtures, the estimateD o is much lower and so is + ~ 55% C.O‘ as seen in Fig. 8.0F0r compositions of fuel contain-
the Do . In he case of either o CO as a divent, s aso 73 T0 PO BEAE AL 2 Sl B D o he
seen.th_at the trerlds mHZ andD_HZ'_eﬁ as a function of composmon CO to CQ. The remaining CO has to be oxidized electrochemically
are sw_mlar. That is, the results indicate that except for Heditited to CO,, for which polarization is observed to be much gredFeg.

with either N, or CO, not only lowers the partial pressure of Hut g |ndeed, Fig. 8 shows that the performance is much worse with
also reduces the effective;Hiffusion coefficient. Thus, the diluent  fe(5 containing~68% CO+~32% H and~80% CO+~20% H.

can lower cell performance in two ways, reduqm‘i2 and reduced

transport kinetics. From the experimental res(fig. 3), at 32% N
dilution the maximum power density was reduced by more than
30%. It was even worse for GQlilution with almost 40% reduction 1. Anode-supported SOFCs exhibit substantial effect of an inert
of the maximum power densitFig. 4) at the same diluent concen- gas diluent in the fuel on concentration polarization, consistent with
tration. This suggests when either partial oxidation or auto-thermalexpectations based on multicomponent gas diffusion in porous bod-
reforming is used for processing fuel, nitrogen introduced into fuelies. Specifically, anodic concentration polarization is lower with an
leads to a lowering of diffusive transport, in addition to fuel dilution. inert gas diluent of low molecular weigksuch as Hejhan an inert
The present work also shows that if in a reforming stage most of thegas diluent of higher molecular weigtguch as ).
CO is converted to CQvia a gas shift reaction, in addition to fuel 2. For a sufficiently high concentration of the diluent, the volt-
dilution there is also an adverse effect on diffusive transport. agevs. current density traces exhibits anode limiting current density
Using Dy, D, eff» Dco, andDco,errand the measured porosity behavior, characterizing a rapid drop of voltage at a critical current
of 54% for the Ni-YSZ anode, the tortuosity factor of the anode, density. This current density was used to estimate the corresponding
was calculated from Eq. 18 and 19. All of the tortuosity factors fall €ffective diffusivities. _ _
between 5.0 and 7.0 from,HH,0 and CO-CQ binary system mea- 3+ Eléctrochemical performance with CO CO, gas mixtures
surementgwith the exception of one value which is over Band IS much worse than fuel gas mixtures containing Hihis is ratio-
from H,-H,O with He, N, and CQ dilution (with the exception of nalized in part on higher anodic concentration polarization and
one value which is B The observation that tortuosity factor is on the SIOWer electrochemical oxidation of CO. The results show that Ni
order of ~5 to ~7 justifies the use of effective diffusivities. At the +YSZ is an excellent anode forz+tontaining fuel, but not for CO.
same time, the observation that the estimated tortuosity factor does 4. Studies on cell performance with CO H, gas mixtures as
exhibit some variability suggests that it may include effects in addi- fuel show that water gas shift reaction plays a major role. Effec-
tion to purely geometric factorsuch as, possibly, adsorption and tively, as long as the Hcontent is greater thany50%, high perfor-
surface diffusion A value of five measured by a different method mance is maintained by producing additional tirough the shift
for a Ni-YSZ anode has been reported in the literattiréhis sug- reaction. As a result, the cell performance with essentially pyris H

gests that the possible effects of adsorption/desorption and surfacgbout the same as that with 3 H CO gaseous mixture as fuel, as
diffusion must be small in anodes of the present study. long as the CO concentration is not too high.

Conclusions
Based on the present work, the following conclusions are drawn:

Cell performance wittH, + CO mixture as the fuel.—The cell
performance with as-received CO as fuel was poor because of slow This work was supported by the U.S. Department of Energy
Q|ﬁu5|on and slow electrochemical reaction rate, as discussed ear(NETL) under contract no. DE-AC26-99FT40713.
lier. However, the cell performance on,H CO even when CO
concentration was as high as 55% was very high, close to that with  The University of Utah assisted in meeting the publication costs of this
as-received Kl (Fig. 8) and quite high with CO content as high as article.
80%. The diffusion coefficient of Hin H,-H,O-CO ternary mix-
tures(ignoring the effects of C¢) may be given by

Acknowledgments

List of Symbols
A cathode area, c¢in
diffusion coefficient of gaseous species i,%sn
knudsen diffusion coefficient of gaseous species #/sm
effective diffusion coefficient of gaseous species iZsm
Dj binary diffusion coefficient of gaseous species i and 2lsm
Dt binary effective diffusion coefficient of gaseous species i and fem
E nernst voltage, V
F faraday constant, C/mol
AG° standard free energy change, kJ/mol
i current density, Alcrh

l - XCO -1

Xco
* D
H,,H,0

D;
Dy,
Di et

1
DH_

= +
2 Dk,

[35]
DHZ,CO
The calculatedDH2 ranges between 4.17 and 4.31 %snfor CO
mole fraction between 0.8 and 0.5, which is similar to that for
H,-H,O-N,. However, the observed performance with-80O is

much superior to that with J4H,0O-N, mixtures as the fuel. This is ias
consistent with expectations because a shift reaction is expected inl,
H,-CO gas mixtures during cell operation. At 800°C the standard M
Gibbs free energy for the gas shift reaction ",LTI
Pi
R
T
is only —0.368 kJ/molt> However, the reaction rate constant is very \\/AV,
high as reported in the literature and thus it may be assumed that the
shift reaction at the anode/electrolyte interface is at equilibfitim. X,
Thus, for a fuel gas composition containing greater than 5096 H oo

(and balance CO), it can be argued thatHproduced by the elec-

CO + H,0=CO, + H,

trochemical oxidation of Klis more than sufficient to react with CO i
present to form Hand CQ. In such a case, there should be little 02
difference in performance when compared to pugeal fuel (with Q

anode-limiting current density, A/cn
anode thickness, cm

molecular weight of gaseous species i, g
total molar flow rate of fuel, mol/s

molar flux of gaseous species i, molem
partial pressure of gaseous species i, atm
ideal gas constant, J/mol K

temperature, K

volume fraction porosity

mass, g

coordinate along the diffusion direction, cm
mole fraction of gaseous species i

polarization, V

average collision diameter of gaseous species i and j, A
tortuosity factor

collision integral
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