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Abstract

In this study the performance of a solid oxide fuel cell (SOFC) with Cu—Sgtlria-stabilized zirconia (YSZ) was compared to an SOFC
with Ni-YSZ anode while operating on,HCO, and syngas fuels. Cells with Cu—CGe®SZ anodes exhibited similar performance when
operating on Hor CO fuels, while cells with Ni-YSZ anodes exhibited substantially lower performance when operating on CO compared with
H>. Enhancing the catalytic activity of the Cu—CgQ'SZ anodes by adding Co was shown to produce cells that exhibited higher performance
when operating on CO compared tg & 973 K. The effect of fuel concentration and dilution on cell performance was also investigated and
it was found that the kinetics of the oxidation of ldre positive order in g for Cu—-CeQ-YSZ anodes and nearly zero order ig, For
Ni—YSZ anodes. The oxidation of CO on Cu-Ge®SZ anodes was also found to exhibit positive orderdp.® was also demonstrated
that dilution of H, by H,O had little effect on the kinetics of fbxidation on both the Cu—Ce©YSZ and Ni—-YSZ anodes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction H,, had a maximum current density of only 0.3 Wchwhen
o _ _ the fuel was switched to a 45%/55% CO/&Rixture.
In many of the proposed applications for solid oxide fuel  while CO by itselfis a poor fuel for Ni-based anodesitcan

cells (SOFCs) the system will be powered using syngas (i.e. be used to produce moreyhtia the water gas shift reaction
a mixture of b, CO, and N) produced via reforming of  (WGS):

hydrocarbons. It is, therefore, important to understand how
fuel composition and the presence of diluents suchzsad CO + HO — CO, + H»
reaction products such as g@nd HO affect SOFC perfor-
mance. While most studies of SOFCs in the literature report which is also catalyzed by Ni. For fuels that have high CO
performance characteristics for operation on humidified H contents, for example syngas produced from coal) rhay
there have been some studies that have looked at the effecheed to be added to the fuel in order to effectively utilize
of fuel compositior[1-4]. For example, it has been reported the CO. Of course for cells that operate at high conversion
that for SOFCs with conventional Ni-YSZ cermet anodes, the fuel will become diluted in both CQand HO. Thus, it
the rate of the electrochemical oxidation of id two to three is important to understand how the partial pressure of these
times greater than that of J,2]. Jiang and Virkaf4] found species in the fuel affects the kinetics of the anode reactions.
that for a cell with a Ni-YSZ anode that exhibited a maximum In the case of water, there have been several reports in the
current density of 1.7 W cr? at 1073 K while operating on  literature that suggest that it has a promoting effect on the
rate of electrochemical oxidation of,H5—9].
* Corresponding author. Tel.: +1 2158986318; fax: +1 2155732093. While much is already known about how syngas composi-
E-mail addressvohs@seas.upenn.edu (J.M. Vohs). tion and the presence of reaction products and other diluents

0378-7753/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2004.09.022



242 O. Costa-Nunes et al. / Journal of Power Sources 141 (2005) 241-249

affects the performance of SOFCs with Ni-YSZ anodes, detailed description of the fabrication of LSF-YSZ cathodes
relatively little is known about how these factors affect the using this approach can be found elsewh&@.
performance of anodes with other formulations. We have de- The anode composites used in this study had an area
veloped SOFC anodes that are composites of Cu,,@Ge0 of 0.35cn?. The Cu—Ce@-YSZ anodes (15wt.% Cu and
yttria-stabilized zirconia (YSZ). In this anode formulation 11wt.% CeQ) were prepared by impregnating the 300
the CeQ acts primarily as an oxidation catalyst, while the thick porous YSZ layer with agueous solutions of Ce@y{O
Cu provides electronic conductivif$0,11] Although these and Cu(NQ); followed by calcination at 723K to form the
anodes were initially developed for the direct utilization of oxides. The copper oxide was reduced to Cu metal during
hydrocarbons without the need for reformifig—15] they cell activation in H. Ni-YSZ anodes (38 wt.% Ni) were pro-
can also operate on syngas and may have some advantageduced in a similar manner using impregnation with aqueous
such as sulfur tolerance, compared to Ni-based anodes for thifNi(NO3z),. Since the Cu-Cef2YSZ and Ni-YSZ anodes
fuel [16]. The goal of this study was, therefore, to compare were fabricated using identical porous YSZ layers and im-
the performance of SOFCs with Ni-YSZ and Cu—-Ge®¥SZ pregnation procedures they have similar porosities and mi-
anodes while operating onHCO and syngas and to evalu- crostructures. Ag paste and an Ag mesh were used to make
ate how the presence of diluents and reaction products affectslectrical contact with the cathode and Au paste and an Au
their performance. mesh were used for the anode. For performance testing each
cell was sealed onto a 1.0 cm diameter alumina tube using
a zirconia-based adhesive (Aremco, Ultra-Temp 516) and
2. Experimental then the entire cell was placed inside a furnace and heated
2 Kmin—1to 973 K while exposing the cathode to air and the
The anode and cathode supported cells used in this studyanode to H.
and their characteristics are summarizedable 1 Cathode Two additional anode supported cells with anode thick-
supported cells were used in studies comparing the perfor-nesses of 30Am and 3 mm were also used in this study.
mance of Cu—-Ce®-YSZ and Ni—YSZ anodes. These cells These cells were prepared using procedures similar to those
were supported on a LSF-YSZ composite cathode, used YSZdescribed above, except for the fact that thick porous YSZ
as the electrolyte, and had either Cu-Ge®SZ (cell 1) or layer was used as the anode, and thin layer as the cathode.
Ni—YSZ (cell 2) composite anodes. The cellswere 1 cmin di- The cell with the 3 mm anode (cell 4) was used to study diffu-
ameter and produced via tape casting using methods that haveional limitations, while the cell with the 3@Qm anode was
been previously described in detdiD]. A porous YSZ cath- used to study the effect of the addition of a cobalt co-catalyst
ode and adense electrolyte layer for each cell were formed by(cell 3). For this latter cell, cobalt was added by impregnation
casting a tape containing yttria-stabilized zirconia (YSZ) with using a solution containing Cu and Co nitrates in a 1:1 molar
graphite and polymethylmethacrylate (PMMA) pore form- ratio.
ers over a pure YSZ green tape. A porous YSZ anode layer During testing each fuel cell was operated at atmospheric
was then added by painting a YSZ slurry containing the pore pressure and mass flow controllers were used to adjust the
formers onto the exposed side of the electrolyte tape. Theflow rates and composition of the various gasses (i£. H
three-layer green tape was then calcined at 1823 K, produc-CO, CQ, He, and N) sent to the anode. The cathode was
ing a 60um thick, dense YSZ layer between 600 and 00 left exposed to the atmosphere. The syngas used in this study
thick porous YSZ layers. LSF was added to the p@® contained 25% b, 25% CO and 50% N The total flow rate
thick porous YSZ layer in order to form the cathode. This of fuel to the anode was held constant at 200 mLThirFor
was accomplished using sequential impregnations of a so-this flow rate the fuel conversion within the cell was less than
lution containing La, Sr and Fe nitrates (La(j)@6H20, 5% for all fuel compositions and current densities studied. A
Alfa Aesar, ACS 99.9%; Sr(N§)» Alfa Aesar, ACS 99.0%; temperature controlled water bubbler was used to introduce
Fe(NQG)3-9H,0 Alfa Aesar, ACS 98+%) ina0.8:0.2:1 molar  water into the fuel. All impedance data were recorded in the
ratio. LSF-YSZ composite cathodes with a 40:60 molar com- galvanostatic mode using a Gamry Instruments impedance
position were obtained after calcination at 1123 K. A more Spectrometer.

Table 1
Summary of the cells used in this sté@dy
Cell Support Anode Cathodé8
Composition (wt.% of cermet) Thicknessrf)/area (crf) Thickness um)/area (crf)
1 Cathode Cu (15)-Ce11) 200/0.35 600/0.785
2 Cathode Ni (38) 200/0.35 600/0.785
3 Anode Cu—Co (30)-Cef(15) 300/0.785 60/0.35
4 Anode Cu (30)-Ce®(15) 3000/0.785 60/0.35

a All cells had a 6Qum YSZ electrolyte.
b All cells had a LSF-YSZ composite cathode.
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3. Results and discussion density for this cell with HH was 136 mW cm? which is sig-
nificantly less than that obtained for the Cu—Ge®SZ cell.

3.1. Cell performance in syngas: comparison between The impedance spectrum shows that this lower performance

Cu—ceria and Ni is due primarily to a high ohmic loss in this cell of X2cn?.

This can be attributed to the microstructure of the anode. In

\oltage versus currentVH) curves for the cathode- a previous study of Cu—Ceanodes it was shown that the
supported cells with Cu-CeRYSZ (A) and Ni-YSZ (B) impregnated ceria forms an even coating on the surface of
anodes at 973 K while operating withpHCO, and syngas the porous YSZ10] which in addition to providing catalytic
are presented iRig. L Impedance spectra while operating at activity enhances the electrical conduction path throughout
acurrent density of 150 mA cnf are also displayed for each  the anode. In cells without ceria the contact between the YSZ
cellinthis figure. The Cu—ceria—YSZ cell (cell 1) exhibitedan and the metal is not as good because the metal tends not to
open circuit voltage (OCV) of 1.2V for all fuels tested. This wet the surface of the YSZ. Thus for the Ni-YSZ cell, the
value is due to the fact that non-humidified fuels were used high ohmic loss can be attributed to an increase in the effec-
for this cell. The maximum power density for this cell when tive thickness of the electrolyte due to poor distribution of
running on H was 305 mW cm? and the cathode-to-anode  the impregnated Ni layer.
impedance spectrum contains two arcs centered at approxi- The data irFig. 1for operation on the various fuels illus-
mately 1 kHz and 4 Hz. In a previous study of LSF-YSZ cath- trate several important points. For the Cu-Ge®¥SZ cell,
odes of the same structure as that used here, it was shown thahe performance when using eithes bf CO is nearly iden-
they have an area specific resistance (ASR)}-0f1Q2 cnm? tical. Only slightly lower performance was obtained when
and a characteristic frequency of 1 kHz in impedance spec-running on syngas which can be attributed to dilution of the
trum [17]. Thus, the 1kHz arc in the impedance spectrum combustible portion of the fuel in N This is in contrast to
for the cell 1 can be assigned to the cathode. The large arcthe reactivity trends observed for the Ni-YSZ cell for which
centered at 4 Hz is, therefore, due primarily to processes oc-the performance when running on CO was substantially less
curring on the anode. than that for H. The maximum power densities for this cell

The OCV for cell 2 with the Ni-YSZ anode operating were 136, 120 and 73 mW crf for H,, syngas and CO, re-
on humidified H (PH,0=0.03atm) was 1.1V which is in  spectively. Thus for the Ni-YSZ cell, the maximum power
agreement with the Nernst equation. The maximum current density when operating on CO was only 50% of that when
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Fig. 1. V- curves and impedance spectra measured at 150 nA foncells 1 and 2 operating at 973 K on the following pure fuel; ¥i>, (@) CO, and ¢)
syngas. Panel A is for cell 1 with the Cu—Cg€{YSZ anode and panel B is for cell 2 with the Ni—YSZ anode.
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operating on H. The poor performance on CO for this cell 1.2
is also reflected by the large increase in the anode arc in the
impedance spectrum upon switching fromtd CO. This re- 11
sult is consistent with that reported previously by Jiang and
Virkar [4] who also observed poor performance for cells with
Ni-YSZ cermet anodes when running on CO. Also note that
the performance of the Ni—YSZ cell on syngas is only slightly
less than that when usingtand the impedance spectra for

Voltage (v)
=
=)

0.4
operation on these two fuels are similar. This demonstrates .
that when running on dry syngas only the Ebmponent of 0.2 -
the fuel is being oxidized. ]
Since Ni by itself is a good CO oxidation catalyst, the 0 ‘ ‘ ' ‘ ' ‘
0 200 400 600

low performance of the Ni-YSZ cell for this fuel cannot be
ascribed to poor catalytic activity within the anode. One pos-
sible explanation for the poor performance on CO is that 0.2
the combustion reactions involve fuel molecules adsorbed on
the oxide surface at or near the three-phase boundary (TPB).
Hydrogen adsorbs dissociatively on Ni and it is possible that ”E
the H atoms “spillover” onto the YSZ where oxidation takes e
place. This type of spillover process for H atoms on met- a o
£
<

Current Density (mA.’cmz)

als supported on oxides is well documented in the catalysis
literature[19]. In contrast to H atoms, spillover of CO ad-
sorbed on a metal to an oxide support generally does not
occur. One would not expect to observe these effects for a
Cu-CeQ-YSZ anode, since in this case the metal is largely
inert as evidenced by the fact that substitution of Cu with

Au gives identical electrode performar{t%)]. Thus for the Fig. 2. V- curves and impedance spectra measured at 150 mA foncell
Cu-CeQ-YSZ anode, the reactions appear to take place 0N yjith a cu-Co-Ce@-YSZ anode operating at 973 K ollf Hy, (@) CO,
the ceria which is active for bothd4-and CO oxidation. and @) syngas fuels.

It is known that the redox properties of ceria can be en-
hanced by the addition of a catalytic metal and indeed we  The impedance spectrum kxg. 2 also shows that cell 3
have observed enhanced anode performance by the additiotas an ohmic loss of 0.33cn?. Assuming a conductance
of precious metals to the ceffal] and by adding Cotothe  of 0.02 S cnv! for YSZ at 973 K[18], the ASR of the 6(um
Cu phasd22]. In the case of the Cu—Co bimetallic anodes, electrolyte layer should be-0.3Q2cn?, which is close to
the surface of the metallic phase appears to be primarily Cu,the experimental value obtained here. The higher value of
as demonstrated by a low susceptibility for carbon formation 0.6 cm? ohmic loss measured for cell Eif. 1, panel (A))
when running on hydrocarbons, but with some Co dissolved can be attributed to the difference in metal content between
within the Cu, as evidenced by improved performance forH cells 1 and 3, which were 15 and 30 wt.%, respectively. This
and CH,; [22]. In order to determine whether the enhance- variation could have lowered the electronic conductivity in
ments associated with Co might extend to CO, the perfor- the case of cell 1 resulting in a higher ohmic resistance.
mance of a cell in which Co, in addition to Cu and Ge®as When considering how fuel composition affects cell per-
impregnated into the anode (cell 3) was measured. Currentformance one must recognize that in addition to C@aHd
voltage curves and impedance spectra obtained from this cellN2, reformed hydrocarbon fuels are likely to contain small
as a function of fuel composition are displayedrig. 2 The amounts of hydrocarbon impurities. It is therefore important
addition of Co did produce anincrease in performance and theto evaluate the propensity for these impurities to foul the an-
maximum power densities for this cell were approximately ode via carbon deposition and their effect on the kinetics of
20% higher than those obtained from the Cu—geé€ll. For the oxidation of CO and i The stability of Cu—-Ce@-YSZ
operation on humidified } syngas, and CO the maximum anodes in the presence of hydrocarbons and their ability to di-
power densities were 310, 360, and 370 mWénrespec- rectly utilize hydrocarbon fuels has previously been demon-
tively at 973 K. Thus, cell 3 exhibited higher performance strated[12-15] Thus, carbon fouling due to hydrocarbon
when operating on CO compared t@.Ht is noteworthy that impurities should not be an issue for this anode formulation.
the performance of the cell with the Cu—-Co-Ge®SZ an- The effect of hydrocarbon impurities on the performance of
ode, even with a relatively thick electrolyte and operating at these anodes when operating on syngas, however, has yet to
lower temperatures, exhibits a performance in CO that rivals be evaluated. We therefore carried out a set of experiments
that of some of the best Ni-YSZ cells operating op &t with cell 1 using H and CO fuels containing 1096C4H1o.
1073 K reported in the literatuid]. The results of this study are shownkig. 3. For comparison

-0.2

Zreal (2 "‘cm2 )
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Fig. 3. V- curves for cell 1 with a Cu—Cef2YSZ anode operating at 973 K
on the following dry fuels: B) H,, (@) CO, and &) n-C4H10; and fuel

800

mixtures: (J) 90% H,/10%n-C4H10 and (O) 90% CO/10%n-C4H10.

purposesl-V curves for cell 1 running on puresHCO, and

3.2. Influence of fuel concentration

Concentration is another variable that will affect the ki-
netics of the electrochemical oxidation of the fuel. Since in
a large cell or a stack that operates at high fuel utilization
the fuel will be diluted by the oxidation products, g@nd
H>0, it is important to understand how this will affect per-
formance. To investigate this, the performance of cells with
Ni-YSZ (cell 2) and Cu-Ce®-YSZ (cell 1) anodes were
measured as a function of fuel composition at 973 K. In this
study the cell performance was measured for a fuel consisting
of H» diluted in both He and BD. For the Cu—-Ce®-YSZ
cell, the effect of diluting CO in an inert gas and £®@as
also studied.

Fig. 4displaysV-l curves for the Cu—-Cef2YSZ (panel
A) and Ni-YSZ (panel B) cells as a function okHbartial
pressure at 973 K. In this set of experiments the partial pres-
sure of BO in the fuel was held constant at 0.03 atm and

n-C4Hjp are also included in the figure. Due to the slower ki- the flow rates of 4 and He were adjusted to givelpartial

netics for the oxidation of the-C4H1q the cell performance
is significantly lower when running with this fuel compared
to Hy or CO. This result is consistent with that reported in
previous studie§23]. For CO and H fuels the addition of

pressures of 0.1, 0.5, and 0.97 atm. The corresponding Nernst
potentials for these fuel compositionsare 1.1,1.07,and 1.0V,
respectively, which agree well with the measured OCVs for
both cells. The cathode and electrolyte losses for these cells

10%n-C4Hyp resulted in only a modest decrease in cell per- can be approximated using the previously measured value of

formance suggesting that the primary effect of adding butane the ASR of the LSF-YSZ cathode (G2cn?) [17] and esti-
was to dilute the CO and-H
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Fig. 4. Plots of voltage and anode overpotential versus current for the Cy—&8a (cell 1) (A) and Ni-YSZ (cell 2) (B) anode cells as a function qf Rt
973 K. The Ry,0 in the fuel was held constant at 0.03 atm and the flow ratescfrtd He were adjusted to give;Pvalues of W) 0.97 atm, ¢) 0.5atm, and

(a) 0.1atm.
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the impedance spectra Fig. L The anode overpotentials CO, also resulted-0.1V smaller anode overpotentials com-
as a function of current density for each fuel were estimated pared to dilution in N. Since thev— curves for these two
from the difference in the OCV, the operating potential, and fuel compositions are parallel to each other, this difference
the voltage losses associated with the cathode and electrolyteappears to be due primarily to a reduction in the OCV rather
These estimates are also displayeéia. 4. than inhibition of the rate of reaction on the anode due to
For the Cu—-Ce@-YSZ cell, the anode performance de- the presence of CO It is useful to compare this result to
pends on the b partial pressure. This kinetics of the an- that reported previously by Jiang and Virkar who also stud-
ode reaction for this cell is positive order ipPas reflected ied how dilution of CO in CQ affects the performance of
by the decrease in the anode overpotential with increasingan SOFC with a Ni-YSZ anodd]. For operation at 1073 K
Pu,. With the Ni-YSZ anode, the effect is much less pro- they found that as& was decreased from 1 to 0.44 atm by
nounced. For current densities less than 190 mA%there diluting in CO, the maximum power density decreased by

is a negligible change in the anode overpotential @si® 60%. In the present study decreasingProm 1 to 0.5 atm
increased from 0.1 to 0.97 atm, indicating that the reaction by diluting in CQ produced only a 27% decrease in the max-
is essentially zero order in. From 190 to 500 mA cIm?, imum current density at 973 K. These results again serve to

changing the pressure from 0.97 to 0.5 atm still had no ef- illustrate the differences in the kinetics of the oxidation of CO
fect on the anode overpotential;, however, there was a pre-on Cu—Ce@-YSZ compared to Ni-YSZ and the superiority
cipitous drop in the overpotential at lower partial pressures. of the former for this reaction.

We currently do not completely understand the reason for  For hydrocarbon fuel, dilution has relatively little effect
this drop; however, it cannot be attributed to diffusional lim- on the performance as has been reported previously for the
itations since the overall cell conversion was less than 5% Cu—CeQ-YSZ cell running inn-butan€[23]. In this earlier
and a similar drop was not observed at higher temperaturesstudy, it was also shown that the oxidation products acted
where the performance levels were much higher. One pos-primarily as diluents, so that the presence gf0Hand CQ
sible explanation for this feature is that the oxidation ¢f H did not significantly affect the power density. Additionally it
on the Ni-based anode exhibits complex kinetics and there should be noted that thermodynamics predicts thasRould

is a change in the rate limiting step at low ldoncentra- not change significantly with conversion when hydrocarbons

tions. are used as fuels; however, in the case gftiis change is
Fig. 5displaysv-I curves as a function of the partial pres- more substantial.
sure of the fuel at 973K for the Cu—Ceg&Y'SZ cell (cell The influence of B,o on the kinetics of the Foxidation

1) while operating on dry CO or CO diluted in eithep N  reaction on the anode was also investigatgd. 6 displays
or CO» (panel A). Plots of the anode overpotentials are also V-1 curves obtained from the Cu—Cg&¥'SZ (cell 1) and
included in the figure. Dilution of the CO infad no appre-  Ni—YSZ (cell 2) cells at 973 K as a function of. In this
ciable effect on the OCV of 1.1 V. At current densities lower series of experiments{5 was held constant at 0.1 atm and
than 100 mA cm?2 dilution also had little effect on the an-  the N, and HO flow rates were adjusted to give  val-
ode overpotential, while at higher current densities it caused ues of 0, 0.03, and 0.5atm (only data for 0.03 and 0.5 atm
a significant increase in the overpotential. Although this de- were collected for the Ni—YSZ cell). Panel A in the figure
pendence on current density may indicate complex kinetics, shows that for the Cu—CeQYSZ cell increasing R,o low-
overall these results show that the anode reaction is positiveered the OCV as predicted by the Nernst equation. Atlow cur-
order in Ro. rent densities this caused a decrease in the cell performance
Diluting the CO in 50% C@ caused the OCV to decrease with increasing B,o. At high current densities, however, the
to 0.97V as predicted by the Nernst equation. Dilution in V-l curves were largely independent qf 8 indicating that
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Fig. 5. Plots of voltage and anode overpotential versus current for a Cu—ceria—YSZ anode cell (cell 1) operating at @jpKranCO, ¢) 50% CO diluted
in N2, and €) 50% CO diluted in CQ.
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Voltage (v)
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Fig. 6. V-l curves for cells with (A) Cu—Ce£-YSZ (cell 1) (B) Ni-YSZ (cell 2) anodes operating at 1 atm and 973 K with a fuel containing 0.1 atg (£A)H
0, (a) 0.03, and f) 0.5 atm of BO, and the balance H¥-l curves obtained at 1073K are also shown for the Ni—YSZ cell for fuels containing 0.1 atgj of H
(M) 0.03, @) 0.5atm of HO, and the balance He.

water had little effect on the kinetics of the oxidation reac- 3.3. Diffusional limitations

tion for this anode composition. Examination of the anode

overpotentials rather than just the celHl curves leads to In assessing the effect of fuel concentration and the ad-
a similar conclusion. For example, at a current density of dition of diluents on the performance of the fuel cells it is
400 mA cn? the anode overpotential (calculated in a man- important to be able to distinguish between effects caused
ner similar to that described above and taking into account by changes in the kinetics of the anode oxidation reactions
the water produced in the cell) was 0.4V fo,,8 =0 and and those resulting from diffusional limitations in the porous
0.03 and 0.5atm. This result is in contrast to that obtained anode. In the preceding analysis we have argued that the
for the Ni-YSZ cell at 973 K where the addition of 0.5atm changes were due exclusively to the anode kinetics and not
of H2O produced a noticeable decrease in current density fordiffusional limitations. This assumption can be justified us-
current densities greater than 175 mA@nAgain note the ing a simple Fick’s law analysis. Diffusional limitations will
pronounced change in slope at intermediate current densitiesbecome important when the fuel concentration at or near the
suggesting complex kinetics for the; léxidation reaction. three-phase bounda@ypg, deviates significantly from that

This result indicates that at 973K the oxidation of bin at the surface of the anod€gyface If ONE assumes a ho-
Ni—-YSZ anodes is slightly negative order in the water con- mogenous anode structure and that electrochemical oxida-
centration. tion at the TPB is the sole reaction, the deviationCabg

Data for the effect of R,o on the performance of the from Cgyrace can be estimated using the following equa-
Ni—YSZ cell while operating on blat 1073K is also pre- tion:
sented inFig. 6. At this temperature the addition of 0.5 atm DrUEL EFE
of water had little effect on the cell performance except for i =nF [—
a slight lowering of the OCV. Also note that at this temper- 8
ature thev—-l curve is almost linear and does not contain the wherei is the current density] the number of electrons pro-

pronounced change in slope at intermediate current densi-quced by the oxidation of each fuel molecufeFaraday’s
ties. Since the diffusivity of a gas is only a weak function of constantDrueL erris the effective diffusivity for the fuel in
temperature, this result further demonstrates that the changghe porous anode, artdis the thickness of the anode. The
in slope in theV-l curve observed at 973K is not due to effective diffusivity for H, can be approximated using the
diffusional limitations. The results obtained at 1073 K are Chapman_Enskog equaﬂ(’ém] a|0ng with values for the

in agreement with those reported previously for Jiang and anode porosity and tortuosity which are estimated to be 0.35
Virkar [4] who also found that other than lowering the OCV, and 3, respectively23]. This gives an estimated value of
the addition of water to K fuel had little effect on the ki- D, gFr Of 1.2 cnts 1,

netics of the anode reaction for an SOFC with a Ni-YSZ  Eq.(1)predicts that for the cells with 20m thick anodes,
anode. Both of these studies, therefore, demonstrate that fopperating with a R, at the surface of the anode of 0.1 atm

operation on H the addition of water has a relatively small  (the lowest R, used for these cells) at 973K, a current den-
effect on the kinetics of the oxidation reaction on the anode. sity of ~1500 mA cnt2 is required foiCrpg to be only 10%
These r'esults do not agree With.pre\./ious reports that additionjess thanCsyuriace Since this current density is significantly
of H20 increases the rate obtdxidation on the anodé@—9] greater than the maximum current densities obtained from
and indicate that the rate expression for this reaction is nearlythe Cu—-Ce@-YSZz and Ni-YSZ cells, this analysis shows
zero order in B,o at 1073 K and slightly negative order in  that diffusional limitations did not affect performance. In or-
PH,0 at 973 K. der to demonstrate the validity of this analysis, experiments

(Csurface— CTPB)1| (1)
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Fig. 7. V- curves for cell 4 with a 3 mm thick Cu—-Ce©YSZ anode operating at 973 K in the following fuels: panel R) bumidified H (3% H,0), (OJ)
5% humidified H in He, and [d) 5% humidified H in N2, and panel B,®) n-C4H19, (O) 5% n-C4H10 in He, and Q) 5% n-C4H1g in N».

were conducted with a Cu—-Ce©ySZ cell that was simi-

lar to the other Cu—ceria cell used in this study except that

the anode was 3 mm in thickness (cell 4). With this much

4. Summary

In this study it was demonstrated that there are dra-

thicker anode it was easier to operate under conditions for matic differences in the performance of Cu-Ge®SZ and

which diffusional limitations should occuFig. 7 displays

Ni-YSZ anodes when ruining on CO and syngas fuels. The

V- curves and impedance spectra for cell 4 at 973K as aCu—-CeQ-YSZ composite anodes exhibited high activity

function of Ry, . For operation on humidifiedH{3% H,O) at
1 atm, thev-l curve is nearly linear with a maximum current
of ~600 mA cnt2. At this current density, Eq1) predicts
thatCrpg is only 6% less thalsyrace Thus, as is observed
experimentally, for this fuel concentration diffusional limi-

for the electrochemical oxidation ofHand CO and simi-
lar performance was obtained for both of these fuels. It was
even possible via the addition of a cobalt co-catalyst to pro-
duce Cu-Ce@hbased anodes that exhibited higher perfor-
mance on CO compared topoHFor example, a cell with

tations would not be expected to have a significant effect on a Cu—-Co-Ce@-YSZ anode and a relatively thick @0n

cell performance. Whenp is lowered to 0.05atm by di-
luting in He, however, th&— curve exhibits a large change
in slope at~200 mA cnt2 at which point the current den-
sity rapidly approaches a limiting value of 260 mAtfn

At this current density Eq(1) predicts thatCrpg will be
~50% less tharCsyriace Since, as discussed earlier, the ki-
netics of the H oxidation reaction on this anode are positive
order in By, it is not surprising that a 50% reduction in the
fuel concentration at the TPB has a significant effect on cell
performance. The data iRig. 7 also shows that changing
the diluent from He to N causes the switch to diffusional
control to occur at a lower current density of 150 mAcmn
This is the expected result, since the higher mass,ofeN
ative to H would produce a slight decrease in the effective
diffusivity.

The data inFig. 7 for operation of the cell on pure and
diluted n-C4H1o are also consistent with estimates of dif-
fusional limitations based on Edql). For n-butane,Dest
is estimated to be 0.1cws~1 which is an order of mag-
nitude lower than that for {1 This decrease iDef rela-
tive to that for B, however, is roughly offset by the fact
that for n-C4H1p 26 electrons are produced per reaction
compared to only 2 for Bl Thus, for the same fuel par-
tial pressure one would expect diffusional limitations for

YSZ electrolyte had maximum power densities of 310 and
370 mW cn1? at 973 K when operating on4and CO, re-
spectively. The high activity of the Cu—Ce®ased anodes
for CO oxidation was in sharp contrast to that obtained
for Ni-YSZ anodes. In agreement with previous reports it
was found that while Ni-YSZ anodes have high activity
for H, oxidation, they do not effectively catalyze the oxi-
dation of CO and therefore exhibit poor performance when
operating on this fuel. Thus, when operating Ni-YSZ an-
odes on dry syngas, only the;tomponent of the fuel is
utilized.

Studies of the dependence of fuel concentration on cell
performance also showed that the kinetics of the elec-
trocatalytic oxidation of I are positive order in &,
for Cu-CeQ-YSZ anodes and nearly zero order for
Ni-YSZ anodes. In contrast to previous studies, dilution
of Hy by H,O was found to have little effect of the an-
ode kinetics for both Cu-CeRYSZ and Ni-YSZ an-
odes.
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