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Abstract:

Anode-supported solid oxide fuel cells consistihgiokel-gadolinium doped ceria (NiO-CGO,
60:40 wt%) anode, gadolinium doped ceria (CGO)tedde and lanthanum strontium cobaltite
ferrite-gadolinium doped ceria (LSCF-CGO) cathodedeveloped and operated under single-
chamber conditions, utilizing methane/air mixturae cell performance is optimized regarding
the electrolyte microstructure, cathode composiéind testing conditions. The performance of
the cell improves with the decrease of the thickredghe electrolyte and the increase of the ratio
of methane to oxygen. The test cell with LSCF-CG@hode (70:30 wt%) that was sintered at
1100°C for 2 h and 150 pm dense electrolyte exhibitswhagimum power output afi 260 mW

cm? at 606C in CHy/O,=2 atmosphere.

Keywords: SOFC; Single Chamber; electrolyte microstructu@CE-CGO cathode

1. Introduction

Single-chamber solid oxide fuel cells (SC-SOFCs)eh@&ceived many attentions in recent years,
due to their simplified reactor configuration arapability for quick start-up [1-5]. They have
potential applications as micropower generatopfmtable devices and co-generation of
electricity and synthesis gases [6, 7]. Becausg dperate on fuel-air mixture, one way to
minimize the gas phase reaction that would redoeelkectrical efficiency is to adopt fuels with
high chemical stability such as hydrocarbons weiln €arbon numbers, especially methane;
another way is to reduce the operation temperatiseally the operating principle of SC-SOFC
is based on the selective catalytic activitieshef ¢électrodes towards the fuel/oxygen mixture.

The anode must be aimed at the partial oxidatidoelfas well as electrochemically catalytic



oxidation of H and CO, while the cathode must be aimed at thgexglectrochemically
catalytic reduction. During the last years, a nundfestudies have been reported with the results
of different kinds of electrode materials used @SOFC. The most commonly used anode
material is cermet with nickel and the electrolytaterial and it has been proven to be as a very
efficient catalyst for fuel [8-10]. For cathode midl, LSM is one of the common cathode
materials used in SC-SOFC. However, it is limitedhigh-temperature applicatiors $00°C),

at which an acceptable performance can be redliZzddin addition to LSM, mixed ionic
electronic conductors (MIEC) such as SSC, LSCF, B&f& considered to be an ideal candidate
because of their extended triple phase boundareBg) [12-16]. Our previous work has shed
some lights onto the above mentioned materials uma¢hane/air mixture [17]. The result
showed that LSM is not suitable for SC-SOFC becafi#is very high polarization resistance,
whereas SCC and BSCF are not stable under singhalidr conditions during long time use.
LSCF has suitable conductivity and good stabilitgder methane/air mixtures so it seems to be
the most promising cathode material in SC-SOFCctElgte is another important component of
SC-SOFC. Initially, research in the SC-SOFC is sarlion the ¥sZro.901.96 (YSZ) electrolyte
cells [18-20]. However, it requires high operatiegiperatures to obtain high ionic conductivity,
thus resulting in several problems for the celfslesirable chemical reactions between cell
components, aging of components and thermal expamnsismatch, thus accelerating the
decrease of the cell performance. To reduce theabpg temperature, good ionic conductor
such as LgsSr 2Gay sMgo 203 (LSGM) and ceria doped with gadolinium (CGO) amsaium
(CSO) are selected as electrolyte materials [21123GM is not widely used as electrolyte,
because it may present serious chemical reactidhselectrodes. CGO or CSO seems to be the

most promising electrolyte for SC-SOFC operatinmarmediate temperatures (500-700



Among the various geometries of SC-SOFC, many ty&sons have shown that anode-
supported cells could provide good performancetduke reducing of the electrolyte thickness
and thus the ohmic losses [19, 24, 25]. Anode-supgaells exhibited the highest power output
reported so far in SC-SOFC technology [26H were operated at temperatures down td°@00
[27]. Moreover, since a fuel-air mixture gas iways used in SC-SOFCs, it is reasonable to
prepare porous thin film electrolyte using low-cfadirication methods such as screen printing
and tape casting. Suzuki et al. prepared a por@sefectrolyte film with the thickness of 18
pm on NiO-YSZ anode substrate by screen printii®d. [Bhe open porosity of the YSZ
electrolyte film was about 23%. The observed OOWe&a from 680 to 780 mV, depending on
the gas flow rate at 680. For comparison, a cell with dense film electtelghowed OCVs of
more than 800 mV under the same conditions. Theoasidescribed this difference as due to the
diffusing of the formed hydrogen and CO from thedato the cathode through the porous
electrolyte. Nevertheless, the peak power densighred about 200 and 600 m\W Tat gas

flow rate of 300 and 900 ml nifn respectively. In our previous work, the anodepsuted fuel
cells were prepared with NiO-CGO anode pelleteeatprinted CGO electrolytes and LSCF-
CGO (LSCF/CGO=70/30) composite cathode. The thisgee of the obtained porous film
electrolyte were varied from 20um to 50um respetyivAt 600°C for Ryx=0.6, the maximum
power density was improved from 60 to 160 mW?j29)].

Because of the complexity of the SC-SOFC, it ifi@ift to make a reasonable comparison with
the reported results in the literature due to ikerdpancy in materials, testing conditions and
even cell dimensions (e.g electrode size). To &rtptimize the performance of the cell in our
testing bench conditions, we present the recenttsesoncerning anode-supported SC-SOFC

with CGO electrolyte, Ni-CGO anode and LSCF-CGnhade. In this study, a dense electrolyte



is prepared through a dry-pressing/sintering precélse performance of the cell was compared
with the one in previous work using porous elegtl The cathode composition, sintering

parameters and testing conditions were also opdienia obtain a peak power density.

2. Experimental

2.1 Materialsand Cell Preparation

All the materials used in the fuel cells are conuig@mpowders from Fuel Cell Materials.
Gadolinium doped ceria g5y 10,5 (CGO) is used for the electrolyte, and also as one
component in electrodes. .56 4Cy oF& §035 (LSCF) and NiO powders are selected as
another composition in the electrodes.

The fuel cell employed in this study is in anodegsarted thin-film electrolyte configuration.
The anode powder is a mixture of NiO (60wt%) and3C@0wt%). A dry-pressing/sintering
method was adopted in order to fabricate the asogeorted CGO bi-layer pellets. These green
dual-layer pellets resulting from dry pressing wined first at 500C for 2h, and then at 1200
°C for 4h, 1400C for additional 2h in air, to achieve the densifion of the electrolyte layer
and good connection between the dual layers. Tibkribss of the electrolyte is controlled by
adding different amount of CGO powders during pressThe cathode powders (LSCF + CGO)
with different compositions (50:50, 60:40, 70:30d&0:20 wt%) were first mixed with a binder
(ESL V400, 0.5g per gram of powder) and solventl(E804, eight drops per gram of powder)
and then homogenized and disagglomerated in agattill. The resulting ink was screen-
printed on the electrolyte surface of the freshidayer membranes, and then calcined at 2600
1050°C and 1100C for 2h, respectively. Three cathodes with effectjeometric surface area

of 0.36, 0.95 and 2.27 émespectively were prepared in order to evaluadrifiuence of the



electrode area on the cell's power density. Finalgold mesh was screen-printed on the
cathode with a commercial gold ink (ESL 8880-Hjlescurrent collector. The typical thickness
of the obtained anode-supported SC-SOFCs is almonrt fbr anode, 150m for electrolyte and
30um for cathode.

2.2 Fue cell performancetest

The experimental set up is similar to the one ihdescribed elsewhej29]. An in situ

reduction mode of the anode is employed in thiskvaacording to the findings by D. Rembelski
et al. [29]. Generally before electrochemical perfance test, 10% methane diluted in nitrogen
(10:90) is introduced into the reactor for 3 mim &hen switched to a mixed atmosphere of,CH
0O,-N; (20:10:70) with Ryx=2 for 15 min at 706C, to get the fully reduction of the NiO in the
anode. The performances of the single cell are nnedst furnace temperature between 500 and
600°C. The ratio of methane to oxygen.{g is varied from 0.6 to 2.0 as controlled by mass

flow controllers (BROOKS Smari Mass Flow).

For all the experiments performed in methane/didgen mixtures, oxygen is fixed at 10%

(VIV) in order to avoid the flammability area of thane. The total gas flow is set at 30'Lfor

cells test.

2.3 Characterization

The microstructures of the electrode and electeolygre characterized using a scanning electron
microscope (SEM, JEOL JSM-6500).

For the measurement of electrochemical propewgigs, wire and gold mesh were applied as
current collectors on both sides of the compleg ¢ells. Polarization curves were obtained

using a 4-probe technique with Keithley 2400 tongliate the effect of the wire resistances. Two



identical cells were prepared and measured separBech measurement was repeated three

times and the mean value was used to evaluatesthgecformance.

3. Results and discussions

3.1 Microstructure of the cell

Figure 1 shows the detail micrographs of the SCS@fer the measurements in the methane
and oxygen mixed atmospheres. Obviously the cresses of the cell consists of three layers,
the Ni-CGO cermet anode, the CGO electrolyte ard 8ICF-CGO (LSCF/CGO=70/30)
composite cathode (Fig.1a). The thickness of thetedlyte is about 150m, and the cathode is
about 3Qum. The electrodes are well adhered on the elet&ralyrface. Fig.1b, ¢ and d show the
magnified view of the electrolyte, surface of tlhode and anode, respectively. It is observed
that the CGO electrolyte prepared by dry pressiethod exhibits a dense microstructure after
sintered at 140@ for 2 hours (Fig. 1b). The morphology of LSCF pi@ns is irregular with
some agglomeration. The particle size are aboup2+and the CGO particles are about 300-
400nm, which are dispersed homogeneously on thé=(ticle surface (Fig. 1c). For the
anode that is sintered at 14 for 2 hours, a microstructure with moderate pityand well-
necked particles was formed (Fig. 1d). The meatigasize is about im and slight
aggregation of the particles was observed.

3.2 Performance of the cell

3.2.1 The effect of the electrolyte thickness

The test cells with cathode area of 0.36 eare investigated to optimize the electrolyte
thickness. Figure 2 shows the I-V and I-P curvethefSC-SOFC cells. The measurement was

performed at 608C under a mixing gas of3=2. The OCV was found to remain about 0.88 V



and no significant change is observed, but the polemrsity decreased dramatically with the
increase of CGO thickness from 150 pm to 300 pne. Mkximum power density of 260 mW
cm? was obtained at CGO thickness of 150 pm. As tiodrikess increased to 230 and 300 um,
the maximum power density decreased to 178 andMZm?, respectively. As it is expected,
the improvement of the SOFC performance is dubdaéduction of electrolyte ohmic loss.
Currently, it is difficult to obtain an electrolyteinner than 150 um using the dry-pressing
method. Therefore, in the following work, the tmelss of the electrolyte was fixed at 150 um
and the influence of the cathode microstructuréhercell performance is further investigated.
3.2.2 The effect of the cathode sintering temperatures

It is well known that sintering temperature has aegfable influence on the microstructure of the
electrode, which in turn has remarkable effectthencell performance. There are two
microstructure factors that govern the cell perfange. One of them is the connectivity of the
electrode particles. Obviously a well-developedretion among electrode particles will pave
the way for electrons and oxygen ions that passitiir the electrode and electrode/electrolyte
interface. Porosity is another important factortrespores facilitate the gas diffusion and at the
same time increase the number of active reacttes.sIhe effects of sintering temperatures on
the output of cells are compared in Fig. 3. It barseen, the power density increases with the
sintering temperature of the cathode. The besbpegnce is obtained when the sintering
temperature of LSCF-CGO cathode is 1300This result can be explained by the
microstructure evolution of LSCF-CGO cathodes \sititering temperature (Fig.4). A loose
agglomerated feature with inhomogeneous porouststeihas been observed in the LSCF-CGO
cathodes that were sintered at low temperaturds asi¢000 and 105CQ. The weak connection

between particles increases the resistance ofdawflace diffusion of oxygen species as well as



electron transfer through the porous cathode. Aidtgering at 1106C for two hours, a
microstructure with good connection between thetsdele particles and moderate porous
structure can be observed and thus results imtpeoived cell performance.

3.2.3 The effect of the cathode thickness

Three cells with respectively one, two and threeils cathode sintered at 11%W0were prepared
by screen printing method. The effect of cathodiektiess on the cell performance at different
current densities was investigated. The optimalgya¥ensity was obtained for the cell with two
layers cathode (Fig.5). Further increase of thbari thickness leads to the rapid decreaced of
performance. Figure 6 gives the cross-section rgragh of the cells with one and two cathode
layers after the test in the SC-SOFC measuremstersy It can be seen that the thickness of one
and two layers are about 15um and 30um, respectivelfortunately, the cathode with three
layers was peered off after the test. Considehegypod repeatability of screen-printing
technique, we propose that the thickness of theetlayers cathode is about 45 pum. Considering
the combined effect of the number of reaction &csive (RAS, which is propotional to the
cathode thickness) and the gas diffusion depthempbrous cathode, a cathode with suitable
thickness must ensure enough RAS, and at the samaeéd make sure that the reaction gas can
penetrate through the cathode. With the increatleeotathode thickness however, the ohm
resistance of the cathode increases, and the ffasioin becomes difficult [30]. The combined
effects result in optimized cell performance whies ¢athode thicknessi80 pum.

3.2.4 Theeffect of cathode composition

Figure 7 shows the OCV and power density of this @ath various cathode compositions as a
function of current density. The power density @ages with the CGO content, reaches a

maximum at 30 wt% CGO, and then decreases witfutttleer increase of CGO content. The



OCV is about 0.9V and shows no dependance on th@ &nposition. The effect of CGO
contents on cell performance can be understoodiderng the catalytic properties of the
composite cathode. An increase of CGO content @GR 8ay provide additional oxygen ions
transfer path in the composite cathode, which mteduce the ion transfer resistance and
improve the oxygen reduction reaction (ORR) [31-28] further increase of CGO content
however will interrupt the connection between tf8CF particles and decrease the conductivity
[34]. As a result, the performance begin to de@easthe CGO content is over 30wt% in the
composite cathode.

3.2.5 The effect of testing temperature

The working temperature has significant effectlom ¢ell performance. In the case of CGO
electrolyte, for T > 700C, a sizeable electronic conductivity takes plddes causes a decrease
of the OCV, thus reduce the power density. Consigehese factors, a moderate testing
temperature range 500-6@was chosen. In our experiment, the testing teatper refers to

the furnace temperaturegTDue to the exothermic effect of methane oxidateaction, as
reported by Rembelski et al. [29] and Hibino and2B], the actual temperature on the electrode
(Te) is different from T. Fig. 8 shows overheat temperatul§< T.-T¢) on the anode cermet
side and cathode side for different;Rgas system at set (furnace) temperatures. A 3&50
overheating is found for anode cermet as showngr8&. At high temperatures (above 580,
the tendency of increasing overheat temperatute Rk is maintained. The overheating effect
on cathode in Fig. 8b is smaller than that on céanede, and exhibits opposite tendency with
Rmix above 550C. At 500°C, theAT on the cermet and cathode exhibits no obviousghavith

Rmix-



The influence of the test temperature on the eagfigpmance is shown in Fig.9. It can be
observed that the maximum power density increases 121 to 260 mW cihas the furnace
temperature increases from 500 to 800At the same time, there is an apparent deciadbe
OCYV with the increase of the temperature. At 80Gn OCV of 0.94V can be obtained. Upon
raising the furnace temperature to 660the OCV decreases to 0.88V. This is due to the
deteriorated selectivity of the electrodes andptteenoted catalytic activity of the cathode
towards methane chemical oxidation reaction withititrease temperatures.

3.2.6 The effect of gas composition

The effect of gas composition on the cell perforogawas studied under different operating
temperatures from 500-60Q. Fig. 10 shows the typical discharge profileh# tell prepared in
optimal conditions and tested at furnace tempegatti600°C under different ratios of methane
to oxygen. A common trend has been observed inlwRig=2 gives the best and,fz=0.6
gives the worst cell performance. The similar reswiere obtained at 55C and 500C. The
influence of the gas composition on the OCV is @nésd in Figure 11. At 50, the OCV is
almost unchanged with,&. With the increase of the temperature, a tendefslight increase
of OCV with Ryix can be observed. The maximum value of OCV is abthat Rix=2,
independent on furnace temperatures. As we kngysR corresponds to the stoichiometric
composition of the gas mixture for the partial @tidn of methane according to the following
reaction:

CH;+1/26 > 2H,+CO

This reaction is expected to occur on the anoddystfollowed by the complete electro-
oxidation of the syngas gHCO). With the decrease of,R the oxygen-rich mixture will

enhance the non-electrochemical combustion of meth@duce the oxygen partial pressure



differential between the electrodes and hence t¥.Gimilarly, fuel-rich mixtures will
decrease the oxygen partial pressure at the cadratitherefore the cell voltage. Our
observation (maximum OCYV values appear @) is consistent with previous studies of
anode-supported SC-SOFCs including Nirts®fo 25Cro sFey 503.5-YSZ/YSZ/LSM cells [36],
Ni-YSZ/YSZ/LSM cells [19, 37], Pd-GgSmy 201.¢-Ni/ Cep S 201 /Sy sSIh sC0o0; cells [10],
and Ni-YSZ/YSZ/LSM-SDC cells [38]. This result isrttrast to some reports in the literature
where the porous electrolyte was used in SC-SOE@]s It was proposed that the diffusion of
hydrogen from the anode to the cathode througlipones electrolyte could lower the oxygen
partial pressure at the cathode side and thus asetbee OCV. Therefore in their cases, OCV
increases when g is reduced because of less hydrogen diffusion.

3.2.7 The effect of cathode area

Another important factor that has dramatic effecttte cell performance is the area ratio of
cathode to anode. However few researchers takeatount of this factor in the literature.
Chung and al. and Suzuki et al. reported that usiogthode with a geometric area significantly
less than that of the anode can enhance the pemeity [39, 40]. To illustrate the effect of
cathode area, several test cells with differers aa¢io of cathode to anode have been prepared.
The anode area is fixed at 2.83%cand the cathode area (S) was 0.36, 95 cmi and 2.27

cn?, respectively. The ratio of cathode area to aravde (g/r.) is 0.13, 0.34 and 0.80. As it can
be seen in Fig.12, the power density increasesygeith the decrease of/r.. The peak power
density varies from 260 mW ¢frto 210 mW crif when the cathode area increases from 0.36
cnt to 2.27 crf. This result is consistent with the relevant resteaf Chung et al. and Suzuki et
al., but less severely attenuation of the powesitigmwas found in our cells as that observed in

literature [39, 40]. This can be attributed to Wl optimized processing technology and the



careful control of electrode microstructure, thus éffect of the area ratio on the normalized
power density enhancement is less pronounced. @enivs the real application in a stack, the
area ratio of the cathode to anode should be aerchs to 1. Further comparison was made with
our previous work using the/ir, = 0.80. In the previous work, a test cell was pred with
porous electrolyte in 50m thickness (with cathode area 2.27°grand the peak power density
reached 160 mW cfat 606C for Ryix=0.6. The current result shows an increase of 50imW
the power density and the OCV improves from 0.63'3.88V. Although it is not obliged to use
densified electrolyte in SC-SOFC (as it is alwaybe high-lighted as one of the merits in SC-
SOFC), our result indicates that the electrolytesity is beneficial for improving the cell
performance. This may be due to the improved iorduaotivity in the densified electrolyte and
at the same time the blocking effect of the didBffision of syngas from anode to cathode.
Further decrease in the thickness of the elecwatyturrent cell would lead to much promising

results.

4. Conclusions

Anode-supported fuel cells with NiO-CGO (60:40 wtéhpde, CGO electrolyte and LSCF-
CGO cathode were fabricated and tested under meiiamixtures. Preparation condition of
the cathode, electrolyte thickness, and testinglitions were found to play strong roles in fuel
cells overall behavior. In this work, the best m®ging condition is LSCF-CGO (70:30 wt%)
cathode with 3um thickness and sintered at 1100for 2h. A R.x = 2 gas mixture leads to
improved performance and the maximum power defs2p0 mW crif at 600°C. Electrolyte

thickness is another important parameter for theS®EC. The maximum power density



increases from 162 mW ¢fio 260 mW crif when the electrolyte thickness decreases from

300um to 150um.
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Figure captions

Fig. 1: SEM images of cross-section view of Ni-CGGO/LSCF-CGO cell (a), magnified CGO

electrolyte (b), surface of the LSCF-CGO cathodeafal surface of the Ni-CGO anode (d).
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Fig. 2: I-V and I-P curves for cells with differetfickness of electrolyte test at 600 for

Rmix=2.
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Fig. 3: IV and I-P curves at 66C under a Chfair mixture with a Ci#O, ratio of 2:1 for cells

with LSCF-CGO cathodes sintered at different terapges.

0.9 i
e 0.30
D7\ N I
0.8 50 e -
. Ego\ o’ .\°\ 025 Y
> T nd N I e
— 0.7 - \D\E\LV\g% v,v—V’V'V'V'v .\ 1 0.20 E
P ] A ° . ]
S o6l % -ﬁé"‘ —o—1100°C | a
g A e 015 §
g 0.5 f \D\D V\v\ \o\ —o0—1000°C F a
3 04! / \D\D ~ O\O\ 010
&) ™ - =
-4 . —_ O
05 CH,0,=2 \o\ 0.05 o
] 600 °C o [ 3,
0214 F0.00 ™
0.0 0.2 0.4 0.6 0.8

Current density / A.cm®



Fig. 4: SEM images of top-view of LSCF-CGO compesdathode sintered at different

temperatures for 2 hours: (a)10) (b) 105C°C, (c)1100°C .
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Fig. 5: IV and I-P curves at 66C under a Chfair mixture with a Ci#O, ratio of 2:1 for cells

with LSCF-CGO cathodes with different thickness.
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Fig. 6: SEM images of cross-section of the LSCF-Gse@posite cathode with different layers:
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(a) one layer, (b) two layers.
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Fig. 7: IV and I-P curves at 66C under a Chfair mixture with a Ci#O, ratio of 2:1 for cells

with LSCF-CGO cathodes in various CGO weight fiacsi
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Fig. 9: I-V and I-P curves of the typical fuel cedsting under different temperature (furnace),

Rmix=2.

Fig. 10: I-V and I-P curves of the typical fuelldglsting under different R at 600°C.
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Fig. 11: The OCV of the cell under different;Rat different temperature.
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Fig. 12: I-V and I-P curves of the typical fuellogith different cathode area testing undeiixR

=2 at 60C°C.
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