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An anodesupported solid oxideutl cell (SOFC) wasontinuously
operated with direct (anhydrous) ethafal ~600 hourswith a

high current density. The operation of the SOFC under ethanol was
made possible with the deposition of a cdx@sed catalytic layer
onto the cermet anodsupport which efficiently converts the
primary fuel in hydrogen. The catalytic layer associated with the
gradual internal reforming (GIR) process avoids carbon deposition
on the Ni surface. Theesults provide a significant advance
towards the development of direct ethanol solid oxide fuel cells.

Introduction

Solid oxide fuel cells (SOFCs) are promisithgyices for higtefficient, environmatally
friendly, and fuel flexible energy conversiofi,2). One of the mainadvantages of
SOFCs, asampared to otherkl cells is thatthe high operating temperature$00°C)
(1,2) allows to convert primary fuels (e.g., natural gas and ethanol) into hydrogen. The
conventionalNi-based cermet anode exhibits excellent catalytic act{84y); however,
the stable operation of SOFCs running on the fuels containing calstifi & challenge
becauseNi promotesthe dehydrogenation of fueBuch reactions result in carbon
depositionon the surface of the anode, causing a marked reduction in panicgrof the
fuel cell (3-9). To avoid the deactivation of the conventional d@dhe use of excess
steamin the fuelhas beemsed toprevent thehermodynamic conditiong which carbon
depositionis favored (10). Such process is referred to dsect internal reforming
Nonethelessthe addition of large amounts of water in thuel redues the overall
efficiency of the fuel celsystem(10). Thus, carbon deposition on Niasedcomposites
has attracted attention to the modification of 8@FC anode materiaiming at the
operation usinglifferentfuels.

Among all the commercially availabfeedstocksor SOFC, including fossil fuels
derived such as hydrogen and natural gas, bioethanol has drawn increasing atieations
promising SOFC fuel (8,11,12). Bioethanol isefficiently produced fromrenewable
biomasssuch asugar caneandis an economically viablenergysource, producing low
emissions andringing positive impact to the economy and the environrf&f,12).In
addition, ethanol is seadily availabldiquid fuel allowing easy storage and transport.

To avoid the limitaions caused bycarbon formation in Ni cermetslternative
materials and anode designs are necessary to allow the stable oper&@RGiwith
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carbon containing fueldn thiscontext, preserving the Ni cermet as titnode and adding

a catalytic layer to allow thgradual internal reforing (GIR) has been pointed out as
promising strategy13-16). In the GIR process, the water released by the electrochemical
oxidation of hydrogen at the anode is used for the steam reforming of the fuel in the
catalytic layer deposited onto the andds,18,19) Ceriabased catalytic layers have
been preferred due to the both the catalytic properties and the compatiltitityhes
standard SOFC componelfis/,20).Thus, as long as tHael cell is polarized, producing
water, both the catalytic layer and electrochemical reactions sustain each otliee and
primary fuel is gradually consumed. Such a process has been demonstrated for ethanol
and methane; however, previously reported results mainly concern eleestughperted
SOFCs withrelatively low current outpuf9,13,18-20,22)In the present study, a high
performance anodsupported SOFC was shown to run (ry) ethanol in gradual
internal reforming conditions withogarbondeposiion and excellent stability.

Experimental

The anodesupported single cells used in this study, wib3&n? activearea were
fabricatedat Forschungszentrum Jilith The anodesupportectells present foutayers:
(i) electrolyte 8 mol% yttriastablized zirconia— YSZ (32 mm diameterand 40 pum
thickness) (ii) cathode functional layerstrontiumdoped lanthanunmmanganite -
Lag 65510.30MINO3 (LSM)-YSZ (50/50 w); (iii) cathodecurrent collectarLSM (32 mm
diameterand~50 pm thickness); and (ignode substrate NMSZ (42 mm diameter and
~600umthickness.

A catalytic layerof gadolinia-dped ceria (CgyG 10,1, CGO) containing 0.1 wt.%
of Ir (Ir-CGO), was added onto the anode suppbiie Ir-CGO catalystwas prepared by
impregnation® The appropriate amount of iridium acetylacetonate (Alfa Aesar) solution
in toluene was added to a suspension of CGO. After evaporation of the solvent under
reduced pressure, the catalyst was calcined in flowingt @50°Cfor 6 h. The IrCGO
catalytic layerwas deposited onto the anode by spragting technique using an
ethanol/terpineobased suspension with organic additives. After the coating step the
catalytic layer was heatext 900°Cfor 2 h under argorilow (6 L h%). The total amount
of the catalystleposited in a single cell was 3 g, corresponding to a final thickness of the
catalytic layer o~120 pm (42nm diametey.

Before catalytic layer deposition, a gold wire (0.5 mm thickness) was attactiesl to
anode with gold ink, as the current collectd platinummesh was attached to the
cathode.

Theanode-supportecell was fixed into an alumina support ring using a sealing glass
paste. The support ring was fixed between two alumina concentric tubes, corresponding
to the anode and cathode chanshédumina capillaries were inserteith the concentric
tubesfor both gas delivery and electric terminafur gld wires allow independent
measurements of the current and the potefitisd. systemwasclosed withmetallichead
sealed withrubber gasketsFuel cell tests were performed at 850°C with flowing air
(20% oxygen- 80% nitrogen)in the cathode sidelQ L h™). Fuel cells were initially
operated on K (60%) and after anodeeduction and stable OCV =Q0B V, the
electrochemical properties were sedliunder hydrogerand ethanol, without water
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addition. Hydrogen (60%) was switched to the desireddtrenol (10%using nitrogen

as carrier gasrhe fuel concentration wasetto keep the theoretical numbereaiéctrons

constantand theilquid ethanolwas kept in a thermal bath wighcontrolled temperature
of 29°C andcarriedby nitrogen at total flow rate of B h™. All the gas ines at the inlet
of the anodavere heated at90°C to avoid steam condensationsifplified scheme of

the experimental $ep is given in Figure 1.

Single cell

1 i

Alumina capillaries

% Aluminacapillaries

(F1)

Alumina tubes
Gas terminal

Figure 1.Scheme of the experimenta@tup for testing anode-supported foells.

Electrochemical impedance spectroscopy (EIS) and polarization vs. tHie (i
measurements were performed by an Autolab PGSTAT128N pustitiwith a
BSTR10A current booster. A variable resistor bench connected in series witelticelf
was used for polarizations curve-(Mmeasurements. Scanning electron microscopy and
energydispersive Xray spectra of the fractured surface of the anode were carried out
after the fuel cell operation fe650 hours.

Results andDiscussion

The electrochemical properties of the fuel cell with the demsed catalytic layer
were studied during operation on/N, (60/40%) and eHsOH/N, (10/90%). Beforahe
ethanol tests, the optimization of the operation conditiwascarried outin hydrogen.
Initially, the totalgasflows were adjustedandthe bestratio of fuel consumption and
performance of the singtell was determined.

An optimization of the fhws and ethanol concentration was defined as the fuel
utilization (U) at the anode, which is dependent on the operating potential of the cell with
the current obtainely theFaraday efficiencyef). The Faraday efficiency salculated
by the ratio of tk total currentlensity {;) of the system and th@tentialcurrentdensity
obtained bythe total consumption of hydrogen, determined from the fetes, as shown
in equation (X

Er=il i (Eq. 1)
The operation of théuel cell was starteavith Ho/N; ratio of 10/90% with a total flow

rate of 4 L.h' at the OVC. Graduallyirf 2 hour9, the relative amount of H in the
mixture Ho/Nz ratio was increasestepwise 10%) until the 60/40%atio was achieved.
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Figure 2 shows th&lS diagrams taken at OCV (Figa) and the corresponding
polarization curves (Figb) obtained at 850°@r thetotal flow rates of 4 L ', 8 L h'
and 12 L .
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Figure 2.Impedance diagrams at OCV (a) and polarization curves (b) of a single cell
operatingwith different flow rats running of hydrogen before the stability test.

The EIS diagrams exhibited convoluted contributions vatpolarization resistance
of ~0.25Q.cm?(4 L h%), 0.18Q cn? (8 L hY) and 0.1Q cn? (12 L HY), with a low
frequency tailattributed to an additional diffusion resistance due to the porous catalytic
layer (19). The polarization curves were recorded from the OCV (1.08 V) to 0.4 V at
different fuel flow rates at 850°QFig. 2b). At 0.6 V power densities were ~33nW.cm
% (4 L.hY), 350 mW.cnf (8 L.h%) and 410 mW.crh (12 L.hY).

Assuming asg = 1 for the electrochemical oxidation of,Hhe fuel utilization ()
was adjusted for the stdiby tests (9,19). According to the model describing both the
catalytic and the electrochemical reactioasninimumU; must be achieved to ensure
enough steam release from the anode for the complete conversion of the fuel in the
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catalyst layer. If the fuel cell produces insufficient steam to ensure the complete
conversion of the fuel it is likely that fuel diffusion into the-Y%Z cemet and carbon
deposition occur. Figurd shows the dependence of tewith the flow rateat 0.4 V,

0.6 V, and 0.8 V. The U decreasewith increasinguel flow rate. In the case of ethanol,
respecting the 1/6 ratio to hydrogen, prevented the increase of the fuel coraentrati
Thus, U was set at ~37%, correspondinghe flow rate 8 L i (0.6 V).
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Figure 3.Fuel utilization for hydrogen under polarizatian0.8 V, 0.6 \/ and 0.4 V, for
different total flow rate.

Figure 4 show the time dependence of i at 0.@&%ing H and ethanolThe operation
of the fuel cell was starteavith Ha/N, (60/40 % with a flow rate of8 L.h" at 0.6V.
After 5 hours of operation, thanode atmosphere was gradually changed to 10% of
ethanol. This change was made ensuring a constant supply of fuel to keep the current
densityat fixedpolarization (0.6 V) othe cell. While dy ethanol is fed into the catalytic
layer, the cellmustremainpolarizedto ensure the formation steamnecessaryor the
catalytic conversion.
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Figure 4.Potentiostatic test at 0.6 V of the single SOFC contaiaiogriabased catalytic
layer underanhydrous ethanol. The inset shows é&xpandednitial hours of the test
when hydrogen was changed to ethanol.
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Theinsetof Figure4 shows tle transition fromhydrogento ethanol. After5 hon H;,
the fuel was changed to ethanol / nitrog&¥90%) and aslight reduction ofi, from
~0.70 Acm? (H,) to 0.67 Acm? (ethanol) was observed.Nevertheless the most
important result of Figurd is the stable operation of the fuel cell fo850h using dry
ethanol. The operation of the cell for 6BQvith excellat stability is a strong indication
that ethanol has been converted in the catalytic layer without carbon depasitihe
anode. It is important to consider that ethanol chemistry at the SOFC operating
temperature is complex and a considerable fractiothe alcohol is pyrglsed before
reaching the catalytic layer. Nonetheless, th€ @O layer is designed to efficiently
convert main ethanol pyrolysis producwich as CH (9,22,23). he catalytic tests
confirmedthat no undesirable byroducts,such asacetaldehyde and ethylemesulting
from the reactions of dehydrogenation and dehydration of ethanol were formed.
Acetaldehyde and ethylene inhibit the production efaHd promote carbon formation,
preventing the stable operation of the fuel ¢8)l Therefore,the experimentatesuls
shown inFig. 4 confirmed that HCGO catalyst was active and efficient for fuel cell
operationwith dry ethanol by the gradual internal reforming. During the last ~50 hours of
testing the current output decreagmubssibly due to sealing related problems that are
currently under investigation.

To investigate possible degradation due to carbon deposition on the surface of the
anode, scanninglectron microscopy anenergydispersive spectroscopy analyseere
performed after the operation of the fuel cell, as shown in Figures 5. &ficti6~ 650 h
of operation with anhydrous ethanol, the anode microstructure showed no apparent
deposition of carbor{Fig. 5). This observatiorwas confirmed by energy dispersive
analysis (Fig. 6)Thesmall signrelated to carbors associated with possible formation of
non-graphitic deposits, which can be easily oxidized and represent no major harm to fuel
cell performance (9).

:: =i—‘

Figure 5.Scanning electron micrograph of the anode after 650 hours of operation under
anhydrous ethanol.
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Figure 6.Energy dispersive Xay spectroscopy of the anode after 650 hours of operation
under anhydrous ethanol.
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Conclusions

A high performance anoemipportedSOFC was designed for direct dry ethanol
operation without carbon depositioA. standardanode-supportesingle cell, associated
with a catalytic layer of KCGO deposited onto the NiSZ anode, was operated under
gradual internal reforing conditions with good stabilitwithout addingsteam or any
oxidizing agentfor ~650 hours. The experimental resulesnonstra the efficiency of
ethanol conversiom solid oxide fuel cellsSuch results are strong evidence that -high
current output fuel cells can operate in gradual internal refgrmusing cabon
containing fuels provided that an active catalyst is available.
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