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� Direct ethanol anode-supported SOFC stable for 600 h without water.
� High-performance SOFC exhibiting similar current output in both hydrogen and ethanol.
� Ceria-based catalytic layer ensures ethanol conversion and avoids carbon deposits.
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Anode-supported solid oxide fuel cells accumulating more than 700 h of stable operation on dry ethanol
with high current output are reported. A highly active ceria-based catalytic layer deposited onto the
anode efficiently converts the primary fuel into hydrogen using the electrochemically generated steam.
On the other hand, standard fuel cells without the catalytic layer collapse because of carbon deposit for-
mation within the initial 5 h of operation with ethanol. The nanostructured ceria-based catalyst forms a
continuous porous layer (�25 mm thick) over the Ni-based anode support that has no apparent influence
on the fuel cell operation and prevents carbon deposit formation. Moreover, the catalytic layer promotes
overall steam reforming reactions of ethanol that result in similar current outputs in both hydrogen and
ethanol fuels. The stability of single cells, with relatively large active area (8 cm2), confirms the feasibility
of a catalytic layer for internal reforming of biofuels in solid oxide fuel cells. The experimental results pro-
vide a significant step towards the practical application of direct ethanol solid oxide fuel cells.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The greenhouse gas emissions resulting from the combustion of
fossil fuel have been directly related to the measured temperature
rise around the planet. In this scenario, the historical combination
of oil-derived fuels and combustion engines requires urgent alter-
natives to meet the 2 �C global warming limit recently defined [1].
The development of more efficient and environmentally friendly
energy sources has gained vital importance to avoid a legacy of
irreversible environmental damage for future generations. In this
context, fuel cells and the so-called hydrogen economy have
attracted a great deal of attention as a promising evolution of
energy systems to contribute for more efficient and clean energy
production. Fuel cells are electrochemical converters not limited
to the Carnot cycle, with theoretical efficiency exceeding 80%,
and water as the only residue released to the atmosphere when
hydrogen is used. Among fuel cells, solid oxide fuel cells (SOFCs)
are potentially the most efficient technology to convert chemical
energy into electricity and thus could have a major impact on
reducing fuel consumption and CO2 emissions [2–5]. However, a
critical issue is that hydrogen must be produced from other pri-
mary sources. Most of hydrogen is obtained from steam reforming
of natural gas, requiring additional carbon capture technologies to
ensure a complete carbon neutral cycle. Methane is the most stud-
ied alternative fuel for SOFCs due to availability and possible inter-
nal reforming [4,6–11].

Considerably less attention has been given to the use of renew-
able fuels in SOFCs, though the direct use of SOFCs with biofuels
has been proposed as the most energy efficient means to use
homegrown carbon neutral fuels [5,12–14]. Among available bio-
fuels the most produced worldwide and probably the most
advanced one is ethanol with notable application in transportation
[14–16]. Bioethanol is efficiently produced from renewable bio-
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Fig. 1. Schematics of the anode supported cell (not in scale) and the theoretical
reactions taking place in each component.
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mass and is an economically viable energy source for large-scale
production, generating low emissions and bringing positive impact
to the economy and the environment [14–16]. Nonetheless, as
compared to methane, a limited number of studies is dedicated
to ethanol SOFCs [17–20]. More recently, such a renewable and
available liquid biofuel has gained increasing attention as a
promising SOFC fuel, as reported in several studies [15–24]. Liquid
fuels compensate the need of engineering optimization for fuel
delivery with easier storage, handling and transportation than
gas fuels. Such a trend has been confirmed by the announcement
of an ethanol SOFC prototype vehicle by Nissan, expected to be
commercialized in 2020 [25]. The e-bio fuel cell concept is the first
to use ethanol for electric power generation with an SOFC for
vehicular application. This carbon neutral vehicle brings together
the advantages of a liquid and renewable biofuel to power electric
cars and it is a perfect example of the applicability of ethanol
SOFCs. It is interesting to notice that Nissan’s prototype uses a
pre-reformer, whereas our study aims at improving the technology
to (direct) internal reforming of bioethanol.

The high operating temperatures of SOFCs allow the direct con-
version of primary fuels (e.g., natural gas and ethanol) into electric-
ity [2–11]. However, the stable operation of SOFCs running on fuels
containing carbon is still a challenge because Ni, from the standard
anode yttria-stabilized zirconia (YSZ)-Ni cermet, promotes the
dehydrogenation of fuel. Such reactions result in carbon deposition
on the surface of the anode, causing an irreversible degradation
that has hampered a more widespread use of SOFCs [4–6]. Two
main strategies have been developed to allow the use of such fuels
in SOFC. The first one is the addition of an oxidizing agent to the
fuel stream to prevent the thermodynamic conditions that favor
carbon deposition [4,25]. Usually, water is the most common
choice, but some studies have reported SOFCs running on methane
by adding air or CO2 [26]. Nonetheless, the addition of large
amounts of water (or air) in the fuel stream reduces the overall
efficiency and adds complexity to the system. The second strategy
is to modify or substitute the traditional Ni-based cermet anode to
allow stable operation of SOFCs without fuel dilution. Different
materials have been reported, including various cermets and cera-
mic anodes [4,10,27]. However, such anodes usually exhibit either
low electronic conductivity or low catalytic activity [4,6,10]. Find-
ing a material (single phase or composite) that combines high cat-
alytic activity and high conductivity along with other SOFC
requirements (stability, compatibility, cost, etc.) is a hard task.
Indeed, no alternative anode has shown performance equivalent
to that of the standard Ni-YSZ running on hydrogen [4,10]. There-
fore, preserving the Ni cermet and adding a catalyst tailored for a
desired fuel is a promising strategy for SOFC anode design
[12,13,19,20].

In this context, using a bi-layer anode has the advantage of
using the best-known anode (Ni-YSZ) for hydrogen along with a
suitable catalyst. Latest generation of SOFCs is a multilayer device
in which several elaborated functional layers were incorporated to
the initial anode/electrolyte/cathode arrangement. Two marked
examples of layers incorporated to SOFC to enhance both perfor-
mance and durability are: (i) gadolinia-doped ceria (CGO) diffusion
barrier to avoid undesired reactions between the cobalt-iron lan-
thanum perovskite (LSCF) cathodes and YSZ electrolyte; and (ii)
Cr-poisoning has been reduced by coating metallic interconnectors
with spinels. Therefore, it’s reasonable that a similar strategy is
being used on the anode side to allow the operation of SOFCs on
alternative fuels [12,13].

In general, direct ethanol SOFC tests revealed that switching
fuel from H2 to ethanol decreases the overall performance of the
fuel cell and most of the reported results use some additional oxi-
dant agent (usually water) [16,19–21]. More importantly, studies
demonstrating long-term stability tests on ethanol are seldom
reported. Thus, in the present study, to ensure the stability of the
studied fuel cells we have investigated the SOFC operation on etha-
nol in harsh dry conditions (without adding water), inspired by the
gradual internal reforming (GIR) [4,28]. The main idea of GIR is that
the fuel is progressively reformed along the anode (the reactor)
with only an initial addition of a small amount of water [4]. Such
small amount of water is needed at the fuel inlet of the anode
(reactor) to initiate the reforming activity [4,28]. Water plays
partly the role of controlling the activity, making both catalytic
and electrochemical functions intimately mixed together. Concep-
tually differently, the results here presented were obtained by sep-
arating catalytic and electrochemical reactions in two different
layers of the anode [29–32].

The reactions of the direct ethanol single cell with catalytic
layer are depicted in Fig. 1.

The role of the catalytic layer is to convert most of the fuel into
H2 and CO2 by steam reforming before reaching the Ni-YSZ anode,
thus preventing carbon deposition at the cermet. The catalytic
reaction needs water to proceed. Water is provided by the electro-
chemical reactions at the cermet while the catalytic reforming
reaction provides H2 for the cermet. The global reaction for ethanol
steam reforming results in six molecules of hydrogen, which are
ideally converted to 12 electrons by the electrochemical oxidation
of H2 reaction at the anode/electrolyte interface. Thus, dry ethanol
theoretically results in a number of electrons six times higher than
that of the reaction of pure hydrogen. Moreover, water produced in
the anode is in excess for the stoichiometric steam reforming. This
operating procedure was previously demonstrated for electrolyte-
supported button cells running with dry fuels such as methane and
ethanol [22,29,31]. The catalytic layer was composed of Ce0.9Gd0.1-
O2�x promoted with Ir in trace amounts (Ir-CGO). This catalyst was
shown to be active in both methane and ethanol reforming while
being highly resistant to carbon deposition in water deficient con-
ditions (conditions thermodynamically favorable to carbon forma-
tion). Two main aspects were investigated in previous reports: the
catalytic activity for fuel conversion in SOFCs, and short-term sta-
bility [22,29–32]. Nonetheless, fuel cell performance in such previ-
ous studies was limited by a relatively low current output due to
thick electrolyte supports [22,29–32]. As compared to
electrolyte-supported cells, the anode-supported ones exhibit both
higher Ni content and higher reaction rates that could favor carbon
deposition. Additionally, mass transport of reactants and reaction
products through the electrode must be preserved when the active
layer is added to the anode support. Such features are potentially
detrimental for the performance of anode-supported SOFCs with
a catalytic layer. Therefore, validating the concept of a bilayer
anode in high-performance direct-ethanol SOFC is paramount for
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advancing such devices towards practical application. Thus, in the
present study we demonstrate that high-performance anode sup-
ported fuel cells can use a catalytic layer to run on a renewable liq-
uid biofuel, with high stability and delivering practically the same
current output as in hydrogen.
Fig. 2. Polarization curves on hydrogen and dry ethanol for standard electrolyte-
supported SOFC without catalytic layer.
2. Experimental

Anode-supported single cells using 8 mol% yttria-stabilized zir-
conia - YSZ (�10 mm thickness), La0.65Sr0.30MnO3 -based cathode
(32 mm diameter, 8 cm2 active area), and Ni-YSZ (42 mm diameter
and �600 mm thickness) anode were fabricated at Forschungszen-
trum Jülich (FZJ, Germany) [33].

A gadolinia-doped ceria (Ce0.9Gd0.1O2�x, CGO) containing
0.1 wt.% of Ir catalyst was prepared by incipient wetness impreg-
nation technique, using CGO (Praxair, 43 m2g�1) and iridium
acethylacetonate (Aldrich) in toluene. Solvent was removed under
reduced pressure and catalyst calcined at 350 �C for 6 h, as
described in detail elsewhere [34]. Catalyst characterization was
carried out by transmission electron microscopy (TEM, Titan FEI
ETEM 80-300KeV G2) and specific surface area measurements
(Micromeritics, ASAP 2020). Such analyses were performed on
both the as-prepared and Ir-CGO powders thermally treated at
900 �C for 2 h under Ar (1 ppm O2). The catalytic ink was prepared
by mixing the following components (wt.%): 40% (80 vol.% Ir-CGO
+20 vol.% cellulose, SigmaCell – 20 mm), 30% ethanol, 27% terpineol,
2% PVB, and 1% PVP. Mixing of the ink components was carried out
for 12 h in a turbula mixer (WAB). The ink was deposited onto the
anode by using an air spray valve (SV 600) with a controller (VM60,
Eleco EFD) mounted on a table tabletop robot (TTA, IAI Corp.). After
ink deposition, the sample was heat treated in air at 500 �C for 2 h
to promote removal of organics, and at 900 �C for 2 h under Ar to
ensure adhesion of the catalytic layer. The total amount of the cat-
alyst deposited in a single cell was �0.2 g. Scanning electron
microscopy (SEM) images were collected to analyze the
microstructure of the deposited catalytic layer.

For the electrochemical performance tests, current collectors
were attached to the single cell. On the anode side, the gold current
collector was prepared before the deposition of the catalytic layer.
A gold ink was used both to paint a gold mesh (�0.12 cm2) over the
surface of the anode and to fix a gold wire, connected to the mesh,
along the perimeter of the support; followed by curing at 900 �C in
air. Two extensions of the gold wire coming out of the anode sur-
face were left uncovered by the ceria layer to ensure good electrical
contact. On the cathode side, current collector was a platinum
mesh mechanically connected to the electrode. The anode-
supported cells were tested in a house-made rig at 850 �C with
flowing air (8 L h�1) in the cathode side [22,31,35]. Fuel cells were
initially operated on H2 (60%), balanced with Ar (40%), with total
fuel flow rates between 4 and 12 L h�1 [35]. The fuel residence time
in the fuel cell test setup is �20 s. After anode reduction (following
the protocol used at FZJ) and stable OCV �1.1 V obtained at mea-
suring temperature (850 �C), the electrochemical properties were
characterized firstly under hydrogen [35]. In this operation mode,
two successive steps are required for the SOFC system to be started
properly. Firstly, the cell has to be operated in pure H2 in order to
produce some amount of water, which slowly diffuses through the
catalytic layer. In a second step, H2 can be substituted by the dry
fuel (hydrocarbon or alcohol), which is converted into H2 by react-
ing with water present in the catalytic layer. Once initiated both
catalytic and electrochemical reactions sustain each other [29–
32]. Thus, hydrogen was progressively switched to (dry) ethanol.
Ideally, steam reforming of 1 mol of ethanol produces 6 mol of
H2 (Fig. 1). It is important to point out that fuel concentration dur-
ing testing was carefully controlled in order to keep the theoretical
number of electrons constant when hydrogen (60%) is changed to
ethanol (10%) with the same total flow rate [23,31,35]. Such a con-
trol is rarely taken into account in reported studies when H2 is sub-
stituted for an alternative fuel.

Ethanol was kept in a thermal bath with a controlled tempera-
ture (29 �C) and carried by Ar with same total flow rate as H2. Cur-
rent vs. time (i - t) measurements, at constant cell polarization
(V = 0.6 or 0.7 V), were performed by an Autolab PGSTAT128N
potentiostat with a BSTR10A current booster.

Durability tests of continuous operation under ethanol at con-
stant polarization of the anode-supported cells were performed
with maximum duration of 25 days. Post-test analyses of fuel cells
included energy-dispersive X-ray (EDS) and SEM experiments on
fractured surfaces of the anode to investigate possible carbon
deposition. The carbon content of tested samples was measured
using a Leco CS600 analyzer. The entire cell was heated in an oxy-
gen stream, and the resulting amount of CO/CO2 was determined
by infrared spectroscopy.

As a comparison of a standard fuel cell running on ethanol, an
electrolyte-supported fuel cell with same components, but without
catalytic layer, was fabricated as described elsewhere [22,31]. Elec-
trolyte support thickness was 500 mm and final thickness of anode
and cathode was 60 and 70 mm, respectively, with 13.8 cm2 active
area. This fuel cell configuration has a much lower Ni loading and it
is less prone to coke formation, as compared to the anode sup-
ported cell. Fuel cell testing was performed in the same rig under
similar conditions [22,31]. The fuel cell was tested at 850 �C with
(dry) ethanol (14%) carried by Ar at flow rates in the 4–12 L h�1

range. The performance of the standard electrolyte-supported fuel
cell was evaluated by sequentially measuring i - V curves at 30 min.
intervals during total operation time of 5 h.
3. Results and discussion

Direct ethanol testing on electrolyte-supported fuel cells with-
out catalytic layer are shown in Fig. 2. It is generally accepted that
the standard cermet anode will collapse because carbon deposits
over Ni when hydrocarbon or alcohol fuels are directly fed to the
SOFC [36]. However, few reports have shown the time dependence
of such degradation. After anode reduction and initial operation on
hydrogen, fuel was switched to (dry) ethanol. The OCV dropped
from �1.15 V in H2 to �0.95 V in ethanol, and a performance decay
is observed over the entire i range of the polarization curve. The
fuel cell ran with good stability during initial�3 h, as inferred from
comparable i - V data taken in this time interval. However, further
increasing operating time under ethanol resulted in a rapid perfor-
mance degradation that caused fuel cell collapse after �4.5 h. A



Fig. 3. (a) TEM image of the Ir-CGO catalyst after heat treatment at 900 �C in Ar
(iridium nanoparticles are marked by the dotted circle); (b) SEM image of the
interface between anode support and catalytic layer; (c) higher magnification SEM
image of the catalytic layer.
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large amount of carbon deposits was evident all over the sample
and measuring apparatus after testing. Such results indicate that
long-term stability tests are crucial for evaluating fuel cells run-
ning on ethanol and, more importantly, that a functional anode is
required to ensure durable direct ethanol SOFCs.

Gas phase reaction is a first issue when using alternative fuels in
SOFCs. As indicated in Fig. 1, the stoichiometric reaction of the cat-
alytic steam reforming (SR) of ethanol [37] is:

C2H5OHþ 3H2O ! 6H2 þ 2CO2 ð1Þ
However, many other reactions can occur simultaneously with

hydrogen production reactions [37]. Ethanol may be dehydro-
genated to acetaldehyde or dehydrated to ethylene. Thus, ethanol
decomposes at high temperature and depending on fuel cell oper-
ating parameters (temperature, fuel utilization, flow rate, current
output, etc.) an accurate determination of present species can be
a hard task [38,39],. At 850 �C, homogenous decomposition of etha-
nol was found to result in water along with H2 (34%), CO (28%), CH4

(23%), and ethylene (15%), according to previous experiments [22].
Except for ethylene, the resulting products correspond to a fuel gas
mixture for SOFCs. However, ethylene, resulting from ethanol
dehydration, is a known source for carbon deposits and must be
totally converted for stable operation of the fuel cell [39]. Such a
feature is particularly important for the SOFC test rig, which has
fuel residence time one order of magnitude higher than that of typ-
ical systems used for catalytic tests (�1 s).

Thus, a direct ethanol SOFC requires, basically, anodes active
towards CH4 and C2H4 conversion. Indeed, CH4 and C2H4 are the
two undesired products resulting from steam reforming or homo-
geneous pyrolysis of ethanol. Interestingly, in the presence of Ir-
CGO, ethanol was shown to be converted into H2, CO and CO2,
while C2H4 could not be detected and CH4 formed in very low
amount [22]. The Ir addition to CGO enhances the ethanol dehy-
drogenation rate, as usually observed over noble metals catalysts,
and promotes the steam reforming of methane thus produced
[29,34,40],. Moreover, this catalyst was shown to prevent the for-
mation of carbon deposits [40]. This demonstrated that Ir-CGO is
a suitable catalyst for this application [22,29,34,40],. Fig. 3 shows
images of the catalyst (TEM) and the catalytic layer (FEG-SEM)
after heat treatment at 900 �C under Ar. In Fig. 3a TEM image
shows that catalyst displays some agglomeration after the heat
treatment, but still individual particles can be discerned.
Gadolinia-doped ceria faceted nanoparticles with rectangular
shape and typical dimensions of �40 nm are observed. Iridium
nanoparticles can be identified as isolated dark dots segregated
at the surface of CGO particles with an average diameter �4 nm.
Recently, high-resolution TEM experiments have shown a very fine
and homogenous dispersion of small and isolated Ir particles over
CGO substrates [41]. Iridium particles have sizes ranging from 2 to
6 nm and are very resistant towards coalescence, as inferred from
TEM images taken before and after catalyst tests [41].

The specific surface area of the as-prepared catalyst was close to
that of CGO (45 m2 g�1); however, treating the catalyst powders in
the same conditions used for sintering the catalytic layers (900 �C
in 1 ppm O2) results in a decrease of specific surface area to
10 m2 g�1. The CGO precursor is a highly active powder that may
exhibit particle coarsening, or even sintering, at relatively low tem-
peratures. Thus, in order to use this material as a catalytic layer a
compromise between adhesion to the anode and high surface area
for catalytic reactions must be observed. Moreover, the catalytic
layer should have no interference on the mass transport of the fuel
cell, i.e., the catalytic layer should combine thickness and porosity
compatible with the anode support to avoid additional impedance
for gas flow. The SEM images in Fig. 3b and c show the cross section
at the interface between anode support and the sintered catalytic
layer. The active layer has �25 mm thickness and continuously
coats the anode outer surface with a good adhesion. Solid state
reaction between YSZ and CGO is usually observed at temperatures
above 1100 �C in air [42,43],. Indeed, the interface between the
current-collector anode and the catalyst exhibits no sign of unde-
sired reaction. The catalytic layer coated the outer surface of the
anode; however, it is possible to observe that the Ir-CGO has higher
porosity than the anode (before reduction). The heat treatment at
900 �C in Ar promoted coarsening/sintering of isolated small por-
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tions of the CGO layer that is in agreement with the lower surface
area of the powder heat treated in the same conditions. In spite of
that, a rather porous structure was retained in the catalytic layer
because of the added pore former (cellulose). The active layer has
a broad distribution of pore sizes with some pores showing
>1 mm diameter, probably related to the burnout of the pore for-
mer. Higher magnification images (Fig. 3c), evidenced a finer
porosity in the deposited layer and CGO particles with size in the
sub-micron range, both roughly estimated �50 nm, in agreement
with TEM images. Thus, SEM analyses indicate that an adequate
microstructure of the catalytic layer was achieved for a durable
and efficient conversion of ethanol.

After anode reduction protocol, anode-supported single cells
were initially operated in (dry) hydrogen to evaluate possible
effects due to the additional porous catalytic layer and to ensure
water formation necessary for subsequent steam reforming of
ethanol. After anode reduction and temperature stabilization, an
optimal fuel (H2) flow rate was defined by the fuel utilization
Uf = 37% [35]. Such Uf was previously observed to sustain stable
steam reforming of ethanol and it is close to the minimum stoi-
chiometry when both the steam reforming and electrochemical
oxidation of H2 reactions are considered [22]. Under H2, the perfor-
mance was found to be comparable to the one of similar single
cells produced and tested at FZJ indicating that the catalytic layer
has no significant effect on the single cell performance [33]. Thus,
fuel cell test proceeded to check stability under ethanol.

A first test included electrochemical characterizations to evalu-
ate the stability of the direct ethanol fuel cell. The fuel cell ran con-
tinuously for 100 h with dry ethanol at 0.7 V with good stability, as
shown in the inset of Fig. 4. As the internal ethanol reforming
requires the water produced by the electrochemical oxidation of
hydrogen, both i - V and impedance curves were measured under
hydrogen before and after the ethanol stability test, as shown in
Fig. 4.
Fig. 4. (a) i -V curve measured under H2 before and after the ethanol durability test.
The time dependence of the current density at 0.7 V is shown in the inset. (b)
Impedance diagrams (OCV) before and after 100 h of durability test on ethanol.
The i -V curves taken before and after the ethanol durability test
(Fig. 4a) are comparable. In both measurements, the OCV is close to
theoretical value for dry hydrogen. The impedance diagrams of
Fig. 4b show two main components: a semicircle at high frequen-
cies and a spike at lower frequencies. Similar impedance diagrams
were previously measured in electrolyte-supported SOFC using a
catalytic layer [31], but the origin of the low frequency component
remains to be further investigated. More important, is that data of
Fig. 4 demonstrate the fuel cell operating with good stability with-
out significant degradation. In Fig. 4b a slight increase of the ohmic
resistance, possibly related to an electrical contact degradation,
along with a small variation of the low frequency portion of the
impedance diagram were observed after 100 h. Such features are
in agreement with the small variation observed in the intermediate
current range of polarization curves (Fig. 4a). The electrochemical
characterization showed no significant degradation of the fuel cell
during the operation under ethanol. Moreover, as compared to the
rapid collapse of fuel cells without catalytic layer (Fig. 2), no loss of
performance could be related to carbon deposit formation during
100 h operation in dry ethanol.

Based on the preliminary results of Fig. 4, a long term durability
test on ethanol was prepared to confirm the stability towards car-
bon formation. In this case, a slightly higher current density was
drawn from the fuel cell at 0.6 V to ensure a higher Uf to sustain
both the electrochemical and catalytic reactions. Fig. 5 shows the
potentiostatic long-term testing of the direct ethanol SOFC at 0.6 V.

The power density (�420 mW cm�2) was fixed to values similar
to the highest ones reported for direct ethanol SOFC [18]. The dura-
bility test of the fuel cell was started with H2/N2 (60/40%) with a
flow rate of 8 L h�1[35]. After 5 h of operation, the fuel was gradu-
ally changed to ethanol (see inset of Fig. 5), causing some fluctua-
tion of the measured current values. No significant decrease of the
current density occurs when changing hydrogen (�0.70 Acm�2) to
ethanol (�0.67 Acm�2). This relatively small difference of current
density in both fuels indicates that the model depicted in Fig. 1 rea-
sonably describes the reactions taking place in the fuel cell. How-
ever, such model may not fully represent all possible reaction
paths for the fuel. A relevant point is that ethanol decomposes at
the operating temperature (850 �C); nevertheless, decomposition
products are likely to result in coke formation if inadequate cata-
lysts are used. Even though water is the main product of ethanol
decomposition, [37] dry ethanol cannot be fed to the conventional
Ni-YSZ cermet anode without severe degradation after few hours
of operation, as demonstrated in Fig. 2. A possible issue is the reac-
tivity of coke precursors, such as ethylene, which are inhibited
when using Ir-CGO catalyst [22]. Thus, the results in Fig. 5 suggest
Fig. 5. Durability test at 0.6 V of the SOFC containing Ir-CGO catalytic layer under
dry ethanol. The inset shows the initial hours of the test when hydrogen was
changed to ethanol (t � 5 h).



Fig. 6. Post-test analyses after 600 h operating on dry ethanol: scanning electron micrographs of (a) anode and (c) catalytic layer and the corresponding EDS analysis (b)
anode and (d) anode/catalytic layer interface.
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that the Ir-CGO layer is an effective catalyst for the internal reform-
ing of ethanol. Moreover, it is a first evidence that ethanol is com-
pletely reformed resulting in 6 mol of H2 (for 1 mol of fuel) [22].

The most important result of Fig. 5 is the stable operation of the
fuel cell for �600 h using dry ethanol. The initial 100 h of operation
on ethanol showed a current output with somewhat scattered val-
ues close to the initial �0.67 Acm�2. After �200 h the performance
was slightly decreased to �0.64 Acm�2 and the fuel cell reached a
very stable regime up to �500 h when the current output exhibited
a decay to �0.63 Acm�2 and remained very stable during the final
100 h of testing. The observed performance degradation can be
associated with either electrochemical or microstructural evolu-
tion of the single cell. Similar degradation effects were previously
observed in the first �500 h of long-term SOFC testing, using sim-
ilar fuel cell configuration fabricated at FZJ, and were attributed to
a microstructural evolution of LSM at the cathode/electrolyte inter-
face [44].

The excellent stability indicates that ethanol and its decomposi-
tion products have been converted in the catalytic layer without
carbon deposition. It is important to consider that ethanol chem-
istry at the SOFC operating conditions is complex and a consider-
able fraction of the alcohol is pyrolysed upstream the anode.
Nonetheless, the Ir-CGO layer is designed to efficiently convert
the products of ethanol decomposition with no formation of gra-
phitic carbon [22,29,34]. Such carbon species are stable and can
accumulate under the studied operating conditions resulting in
the collapse of the fuel cell [22,29,34]. Differently from the severe
degradation of standard single cells (Fig. 2), fuel cell tests using the
catalytic layer (Figs. 4 and 5) confirmed that undesirable byprod-
ucts that inhibit H2 production and promote carbon formation
(such as acetaldehyde and ethylene produced by ethanol dehydro-
genation and dehydration reactions) were not formed [22]. There-
fore, the experimental results confirmed that adding a catalytic
layer was efficient for the direct operation of high-performance
anode-supported fuel cells with (dry) ethanol.

After durability tests under ethanol, the cell was interrupted
and cooled down in inert atmosphere to investigate possible car-
bon formation. The microstructure of both anode and catalytic
layer showed no apparent evolution concerning average grain
and pore sizes distributions as observed in SEM images of
Fig. 6a and c, respectively. Moreover, no carbon deposits were
identified in both anode layers. This observation was confirmed
by EDS analysis (Fig. 6b and d). The small sign related to carbon
is associated with formation of non-graphitic deposits, which can
be easily oxidized and represent no major harm to fuel cell perfor-
mance [14,22,32]. Such result was further confirmed by carbon
content measurements that revealed a total amount of 0.014(2)
wt.% of carbon in the single cell after testing. Such carbon amount
is comparable to the carbon content of samples measured before
the durability tests, possibly from residual additives of inks. There-
fore, the small performance degradation observed after 600 h of
operation in direct ethanol (Fig. 5) cannot be attributed to carbon
deposit formation, which was demonstrated to be much faster
and catastrophic in Fig. 2. Thus, the catalytic layer played a major
role on the conversion of ethanol and its pyrolysis byproducts,
inhibiting the formation of carbon-precursor compounds and pro-
viding hydrogen for the electrochemical reaction at the Ni-anode.
Both the absence of carbon combined with the small variation in
the current density during the durability tests are strong indica-
tions that the steam reforming reaction (Eq. (1)) is almost stoichio-
metric using water produced in the anode. Further experiments are
underway to analyze both the gas outlet and investigate the impe-
dance diagrams of cells with a catalytic layers running on ethanol.
4. Conclusions

High-performance solid oxide fuel cells accumulated �700 h of
operation with dry ethanol without degradation due to carbon for-
mation. A highly active catalyst with nanosized particles of Ir-CGO
was efficient to promote the ethanol steam reforming using the
water generated by the electrochemical conversion of hydrogen
at the anode/electrolyte interface. The catalytic layer promotes
overall steam reforming reactions of ethanol that result in similar
current outputs in both hydrogen and ethanol fuels. The current
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output was similar to the highest reported values for direct ethanol
SOFCs. The harsh conditions used for the durability test, i.e., no
water added, indicate that the studied fuel cell configuration is a
promising device for using an available and efficient renewable
biofuel such as bioethanol. The experimental results confirm that
the bilayer anode is viable in high-performance anode-supported
cells. Moreover, the results point to the dissemination of carbon-
neutral SOFCs.
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