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Catalytic activity data revealed that the studied materials deactivate in ethanol decom-
position reaction but are stable for ethanol steam reforming. Thus, feeding dry ethanol to
the SOFC with a Ni/doped-ceria anodic catalytic layer evidenced that water produced from
the electrochemical hydrogen oxidation provides steam for the internal reforming result-
ingin great stability of the fuel cells tested during ~100 h. The combined catalysis and SOFC
results demonstrate Ni/doped-ceria is as candidate anode layer for stable SOFC running on

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Bioethanol is probably the most successful example of a sus-
tainable biofuel. Sugar-cane derived ethanol, differently from
ethanol produced from other biomasses, has positive out-
comes when energetic and economical parameters are
considered. In Brazil, almost 90% of cars can run on ethanol,
and a solid industrial infrastructure is responsible for large-
scale production and wide distribution across the country.
The utilization of such fuel is associated with significant
improvement of the air quality in the main metropolitan areas
of the country [1]. Such features, along with still inexistent
hydrogen infrastructure, have placed ethanol as almost an
ideal feedstock for fuel cells. Interest in ethanol is boosted by
the e-bio concept electric vehicle by Nissan. Such prototype
car uses bioethanol, which is pre-reformed and converted into
electricity by an onboard SOFC system [2]. Thus, the conver-
sion of the chemical energy of a liquid biofuel into electricity
brings outstanding advantages to overcome the limitations of
both hydrogen and batteries.

Taking the advantage of the high operating temperature
(>600 °C), SOFC systems can be directly fed with liquid fuels,
such as bioethanol. In this case, H, and CO/CO, are obtained
through bioethanol reforming without the use of an external
reformer, which reduces both the complexity and the cost of
the system. Furthermore, the fuel cell electrochemical reac-
tion consumes the H, formed at the anode side, which in-
creases the conversion of bioethanol and the overall efficiency
of the process [3,4].

Despite the advantages of internal reforming in SOFC
systems, problems related to the direct conversion of primary
fuels (hydrocarbon and alcohols such as methane and
ethanol) in such high-temperature devices still hamper a
widespread use of this technology. One of the main challenges
is the dehydrogenation of the fuel at the metal particles of the
standard nickel-based anode cermet. The complex reactions
taking place at the anode of SOFCs running on carbon-
containing fuels involves various pathways that usually
result in irreversible degradation of the device by carbon
deposits.

The use of carbon-containing fuels in SOFC is possible,
when it is added an agent of oxidation (usually, water) to the
stream to avoid the thermodynamic conditions for carbon
formation [5,6]. Nevertheless, such strategy requires large
amounts of water and adds complexity to the system design,
significantly reducingits efficiency [7]. A second approach is to

change or replace the traditional anode, the Ni/YSZ cermet.
Several compounds have been suggested as alternative an-
odes, including different cermets (mainly zirconia- and ceria-
based), and single-phase ceramic compounds, such as
chromite-manganites and titanates [5,8]. However, finding an
alternative material to the Ni/YSZ cermet that combines good
catalytic and electrochemical properties, along with stability,
compatibility, and low cost, remains a challenge. Currently,
no alternative anode has outperformed the standard Ni/YSZ
cermet on hydrogen. Therefore, an anode design that sepa-
rates the catalytic and the electrochemical reactions in
different anodic functional layers has been considered as a
promising approach [9—-12]. By separating the anode reactions
in different layers, it is possible to use the Ni/YSZ anode for
hydrogen combined with an appropriate catalyst for the tar-
geted fuel. An increasing number of reports have confirmed
that SOFC technology is expanding its multi-layer component
design to the anode to enable the operation on available fuels
other than hydrogen [12—-16]. As recent examples, protective
layers of ceria-based catalysts [14] and Ni-perovskite with
FeOx core-shell nanoparticles [17] were used to coat standard
Ni/YSZ anode for direct ethanol SOFC.

The use of the catalytic layer prevents the formation of
carbon deposits on the cermet, since the fuel is converted into
H, and CO before reaching the Ni-YSZ anode.

The increase of the nickel dispersion by reducing Ni
loading of anodes is an additional strategy to suppress the
formation of coke [16]. However, adequate conductivity for
SOFC cells is not achieved when anodes with Ni content below
30%, prepared by traditional methods, are used. Thus, some
authors [18—20] have reported the use of alternative prepa-
ration methods in order to obtain anodes with low Ni content,
which are active, stable and with high conductivity to SOFC
applications. Moddaferi et al. [19] observed no carbon depo-
sition in Ni based anodes with low metal content (5 wt% Ni
and 5 wt% Ru) prepared by a hydrothermal method during
oxidative steam reforming of propane under SOFC operation
conditions. Cermets with highly dispersed Ni particles
(14 vol.%) synthesized by a net shape method were reported to
display electrical conductivity comparable to that observed for
the cermet with 35 vol % of Ni synthesized by a traditional
technique [20]. Such method was used in Ni/CeGd anodes with
14 vol % of Ni prepared by a hydrothermal method for fuel
cells operating with dry ethanol with good stability [18].

As an additional property to avoid carbon formation and
increase the conductivity, several works have reported redox
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supports, such as ceria-based as the ceramic phase for the
SOFC anode [16,21—-26]. Ceria is known to stabilize, on its
surface, well-dispersed noble metals, promoting water-gas
shift and hydrocarbon reforming reactions [27—29]. Ceria
presents the ability to act as a store of oxygen due to its low
reduction potential [30]. Under reducing atmosphere, CeO, is
reduced with the formation of oxygen vacancies and small
polarons represented by the Kréger-Vink notation [31] in Eq.

(1,

2Ces, + Oy = 2Ce,+ Vi + % 0, (1)

However, at T > 1173 K ceria loses its porous structure,
inducing a dramatic reduction in the catalytic activity
ascribed to a decrease of the active phase dispersion. Various
attempts have been proposed to optimize the activity and
stability of ceria-based catalyst by adding cations such as
Gd**, Y3+, Zr**, Nb>*. However, it should be pointed out that,
in spite of a rather large number of experimental data, the role
of these dopants on the catalytic properties of ceria is still
under debate [32].

Cerium-zirconium based oxides of various compositions
have been widely studied for utilization as catalytic support in
three-way catalysts technology [33] and in SOFC operating on
various compounds [33,34]. Obviously, considering an ideal
solid solution, doping ceria with Zr** ions does not change the
defects concentration. Various explanations for the observed
enhanced properties have been proposed. The substitution of
Ce*" for the smaller Zr*" ion induces a distortion of the ceria
framework. The resulting displacement of oxygen atoms from
their ideal positions induces a lowering of the energy barrier
for oxygen migration and, consequently an increased oxygen
mobility [35—41] and improving the surface area stability
[42,43]. According to Janvier et al. it is not valid to consider the
solid solution (Ce;.xZr0,) a thermodynamically ideal solution
as a dilute solution of point defects in the oxide [44]. They
showed that the oxygen exchange between the gas phase and
the solid is favored on the surface region. Moreover, the
addition of zirconium ions would decrease the rate of surface
loss at high temperature owing to the formation of solid so-
lution between zirconium and trivalent cerium ions. Differ-
ently, trivalent cations dopants, such as Gd*>*, Y or Sm**, in
CeO, enhance the catalytic activity through the production of
anion vacancies [45], according to Eq. (2):

Gd,05 — 2 Gdp, +2 03 + Vy 2)

The comparison of the kinetics of hydrocarbon oxidation
on pure and Sm-doped ceria has been reported [46]. No dif-
ference between the rate of oxidation of methane and ethane
has been observed. In addition, the rate of propane and n-
butane formation was significantly higher on ceria compared
to Sm-doped ceria [47,48]. The main conclusions pointed out
that the reaction rates are affected by the mechanism, which,
in turn is strongly dependent on both the temperature and the
state of the C—H bonds, and that catalytic reactivity of ceria
support is not necessarily enhanced by trivalent dopant
cations.

Another possibility is doping ceria with M>* ions, such as
Nb°*. In this case, theoretically, without considering defect
associations, three doping reactions can be considered:

Nb,0s + Vi — 2 Nb;, +5 0} 3)
Nb,0s + 2 Ce, — 2 Nby, + 4 0} +% 0, + 2Ce, (4)
Nb,0s — 2 Nbg, +4 05 + O; (5)

Doping with Nb>*, according to Eq. (3), fills oxygen va-
cancies and is associated with a lowering of the ionic con-
ductivity. Reaction (4) induces a noticeable increase of the
electronic conductivity of small polaron type for charge
compensation, whereas reaction (5) induces a small increase
of the ionic conductivity ascribed to the low mobility of
interstitial oxygen ions. The relation between electrical con-
ductivity, thermogravimetric measurements and defect
structure has been studied by various authors [49—53]. It has
been demonstrated that, under reducing conditions, reaction
(4) is prevalent, while at low temperature and high oxygen
partial pressure Nb>" ions are incorporated into CeO, lattice
by simultaneous reduction on some Ce*" to Ce*" and forma-
tion of oxygen interstitials according to reactions (4) and (5).
The reactivity of Gd- and Nb-doped ceria for methane con-
version to syngas was previously compared [51,54]. It has been
concluded that Gd-doping has little effect and that Nb-doping
decreases the reaction rate. However, some authors [54] have
reported that ceria doped with is the most efficient to remove
the carbon formed.

There are considerably fewer reports on the direct utiliza-
tion of ethanol in SOFC as compared to methane, and some
have proposed the use of cerium-zirconium and cerium-
gadolinium based anodes [17,55,56]. Nonetheless, systematic
studies about the effect of the dopant type on the performance
of SOFC cells fed directly with ethanol are missing. Da Silva
et al. [57] evaluated the behavior of Ni/CeO, cermets doped
with Gd, Y, Pr, Zr and Nb as catalysts for the ethanol. However,
the calcining temperature (1073 K) used for such catalysts was
lower than that usually needed for ceramic processing of
SOFC layers and the electrochemical characterization of de-
vices was lacking. Thus, the goal of the present study is to
investigate how dopants affect the catalytic properties of Ni/
doped-ceria cermets and the role of such catalyst on the sta-
bility of direct ethanol SOFC.

Cermets containing with 18 wt% of Ni supported on ceria
doped with Gd, Zr, Pr, Y or Nb were prepared and character-
ized [57]. Temperature programmed reduction (TPR) and in situ
X-ray diffraction (XRD) analyzes were carried out to determine
the reducibility of the samples and to evaluate the loss of
catalyst activity and the changes in the catalyst crystalline
structure during the reduction and the ethanol reactions. Post
reaction thermogravimetric (TG), temperature programmed
oxidation (TPO) and scanning electron microscopy (SEM) an-
alyzes were carried out to investigate the quantity and nature
of the carbon deposited during the decomposition of ethanol.
The detailed catalytic characterization was used to select the
most promising compositions for testing in SOFC single cells
running on internal ethanol reforming. Stability tests showed
that direct ethanol SOFCs can run using ceria-based catalysts
for more than 100 h of continuous operation without degra-
dation due to carbon deposits.
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Experimental
Catalyst preparation and characterization

The cerium-based supports were synthesized using a method
reported elsewhere [17,50]. Cerium (IV) ammonium nitrate
and the nitrate of dopant (Y, Nb, Gd, Zr) were used as pre-
cursors. The co-precipitation of the hydroxides of dopants and
cerium was carried out by addition of excess of ammonium
hydroxide to a solution containing water and the precursors of
cerium and dopants (Ce/dopant molar ratio = 9.0). Next, the
precipitates obtained were heated in an autoclave to 453 K for
4 h. After washing with distilled water, a calcination of the
samples at 573 K for 2 h were carried out using a muffle
furnace.

Aiming at a high dispersion of the metallic phase to obtain
cermet anodes with good electrical conductivity, while mini-
mizing possible carbon deposits, Ni (18 wt%) was added to the
ceria supports by wet impregnation of an aqueous solution of
nickel nitrate [18,20]. After impregnation and drying at 393 K,
the samples were heated at 1473 K in a muffle following a
temperature schedule previously described elsewhere [17,50].
Such relatively high temperature was chosen to resemble the
temperature required for ceramic processing of SOFC layers.
Thus, the comparison of catalyst performance for both fixed-
bed reactors and SOFC single cell tests are based on materials
with similar microstructural properties. Then, four samples
were obtained: Ni/CeGd; Ni/CeY; Ni/CeZr; Ni/CeNb.

For a more complete understanding of the activity and
carbon deposition resistance of the samples, along with the
catalyst composition, various parameters resulting from the
synthesis method [58] have to be considered. Parameters such
as BET surface area, the particle size of both the metallic active
phase and ceria support, and the interaction between the
metal and the support were accessed for the prepared
materials.

A Micromeritics ASAP 2020 analyzer was used to measure
the surface areas of the samples by adsorption of N, at 77 K.

In situ XRD analyses were carried out during the reduction
treatment from 298 to 1123 K and decomposition of ethanol
(ED) at reaction temperature of 1123 K/1 h. The Scherrer
equation was used for the calculation of Ni crystallite size
after reduction and after ED reaction. The equipment and
analysis conditions used are described in detail elsewhere
[57]. The degree of reduction of the samples was obtained (Eq.
(6)) using the total amount of H, consumed during TPR ana-
lyses and the theoretical amount of H, consumed for the
complete reduction of nickel species present in the samples.

reduction degree (%)

total amount (mols)of H, consumed
= : x 100 (6)
theoretical amount (mols) of H, consumed

Temperature programmed reduction (TPR) runs were per-
formed to study the reducibility of the catalysts. The samples
were initially pretreated at 673 K under air flow, and the TPR
analyses were carried out under a hydrogen/argon mixture
(30 mL min~?) containing 1.5% of hydrogen from 673 to 1273 K
(10 K/min). The degree of reduction of the samples was ob-
tained (Eq. (6)) using the number of moles of hydrogen

consumed during the reduction and the theoretical number of
moles of H2 consumed for the total reduction of Ni present in
the sample.

The quantity of carbon formed over the catalysts after
decomposition of ethanol was determined by TG experiments.
The analyses were carried out using a Shimadzu (TG-60)
equipment. The weight variation of the used catalyst (10 mg)
was measured during the heating of the samples from 298 to
1273 K under air flow.

The spent catalysts were characterized by scanning elec-
tron microscopy (SEM) analyses. Before SEM analyzes, the
materials were submitted to the same reduction treatment
described in XRD analyzes. The equipment and analysis
conditions used are described elsewhere [57].

Ethanol conversion in a fixed-bed reactor (CR)

Ethanol decomposition (ED) and steam reforming (SR) of
ethanol reactions were carried out in quartz reactor at 1123 K
and a pressure of 1 atm. In the case of SR of ethanol, it was
used a H,0O/ethanol molar ratio of 3.0 that corresponds to the
stoichiometric according to the reaction (Eq. (7)):

C,HsOH + 3H,0 — 2 CO, + 6H, )

A catalyst mass of 20 mg of sample was used to study the
loss of catalytic activity in a short run time. In addition, SiC
was used as a diluent with a SiC mass/catalyst mass of 3.0.
The products obtained during the reaction were analyzed by a
gas chromatography (Micro GC Agilent 3000 A). More details
on the equipment, pretreatment of samples and reaction
conditions can be found in the literature [57].

The conversion of ethanol (Xethano) and the selectivity to
the products (Sy; where x = hydrogen, carbon monoxide,
carbon dioxide, methane, acetaldehyde or ethylene) were
calculated according the equations presented below:

X

thanol (mols of ethanol),; — (mols of ethanol) (8)
ethanol =

exit x 100

(mols of ethanol),,g

amount of x product formed (mols)

= - 100
X~ total amount of products formed without water (mols) X

©)

Fuel cell fabrication

To study the properties of the catalyst aiming at the fabrica-
tion and test of fuel cells some parameters were studied.
The sintering behavior of die-pressed ceramic samples was
investigated by dilatometry in a Netzsch DIL 402C. The linear
retraction of green compacts was measured during heating
(5 K/min) from room temperature to 1673 K under air flow.
The electrical conductivity of cylindrical pellets of both
doped-ceria and NiO/doped-ceria composites sintered at
1723 K were evaluated. Silver paste contact pads were
deposited on the parallel surfaces of samples and cured at
873 K. The electrical properties were determined by imped-
ance spectroscopy measurements using a Solartron1260 with
ac amplitude signal of 100 mV in the 10 MHz-1 Hz frequency
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range. Impedance measurements were performed in the
temperature range of 298—1073 K under flowing synthetic air.
The total electrical resistance (dc resistance) was determined
by the intercept of the low frequency end with real axis of the
impedance diagrams. The temperature dependence of the dc
electrical resistance was plotted and linear fits using Arrhe-
nius equation were used to calculate the activation energy for
the electrical transport.

Electrolyte-supported single cells were prepared using
yttria (8 mol%)-stabilized zirconia (Tosoh, Japan). The yttria-
stabilized zirconia (YSZ) cylindrical substrates were sintered
at 1873 K, reaching apparent density >95% and typical final
dimensions 18 mm diameter and ~0.5 mm thickness.

Two configurations of electrolyte-supported single cells
were studied (Fig. S1), similarly as described elsewhere [18].
The first one was the standard (cathode/electrolyte/anode)
electrolyte-supported fuel cell (ESFC). In the ESFC, the anode
functional layer (AF), at the interface with the YSZ electrolyte,
was the Ni/YSZ (40/60 vol.%), and the Ni/doped-ceria was the
outer current collector layer (CC). Electrode layers of single
cells were deposited by spin-coating using suspensions based
on terpineol and ethyl cellulose [14]. The AF layer was
deposited and sintered at 1723 K for 2 h in air, followed by the
deposition of NiO/doped-ceria CC layer. Lag 65Sro sMnO3 (LSM)
cathodes were deposited over a functional YSZ/LSM (50/50 wt
%) composite layer deposited onto the electrolyte. Both the
cathode and the anode CC layers were co-sintered at 1423 K in
air for 1 h. The current collection at the anode side of the ESFC
was an Au mesh attached to the anode CC layer with Au ink,
followed by curing at 1073 K.

The second configuration of single cells was the
electrolyte-supported fuel cell with catalytic layer (CLFC)
[18,58] deposited over the anode. In CLFC configuration, the
single cell was composed by the standard Ni/YSZ anode layers
(AF 40/60 vol.% and CC 60/40 vol.%), and the Ni/doped-ceria
catalytic layer was deposited as an additional outer layer
[9,10,14,18] In the CLFC, anode current collection was made in
the CC layer and the catalytic layer has no influence on the
electrical properties of the single cell. Such a catalytic layer
protects the Ni/YSZ anode from the direct contact with the
fuel and promotes the ethanol reforming [10,14]. The CLFC
single cell fabrication followed the same procedures of the
ESFC, with both Ni/YSZ anode AF and CC layers sintered at
1723 K. Thus, prior to the catalytic layer deposition, a gold
suspension (>70 wt% of Au, by Fuel Cell Materials) was used
to: i) paint a contact mesh on the surface of the CC layer and ii)
to glue a gold wire ring placed along the perimeter of the CC
surface. Such an Au wire was used as the electrical contacts of
the specimen for the electrochemical characterization. Then,
the Ni/doped-ceria catalytic layer was deposited onto the CC
layer and gold contact by spin coating and fired at 1173 K in
argon flow for 1 h. For both ESFC and CLFC, a Pt mesh was
applied to the surface of the cathode by using a Pt ink. The Pt
current collector was cured in air at 1073 K.

Fuel cell testing
The single cells have an active electrode area of 0.78 cm? and

were sealed on the tip of an alumina tube using a refractory
cement (Aremco 552). The alumina tube with the sealed

sample was inserted into a resistive horizontal tube furnace
and connected to the metallic heads of a homemade test
station with four Pt wires for electrical contacts. Temperature
was measured by a thermocouple (type K) placed close to the
cathode side and gas flow rates were set by mass flow con-
trollers, both interfaced to a microcomputer. The single cell
was heated up to 1123 K under N, flow and then changed to
hydrogen (3 vol.% H,0), with 50 mL min~" flow rate, for anode
reduction and system stabilization. During all fuel cell tests,
synthetic air was flown (50 mL min~?) to the cathode. Polari-
zation and impedance spectroscopy data were taken during
the initial operation on hydrogen. At 1123 K, the fuel cell was
polarized at 0.6 V and hydrogen was switched to dry ethanol.
The ethanol was vaporized and carried by bubbling N,
(42 mL min™") through a saturator containing anhydrous
ethanol at 313 K to obtain a gas composition of ~17% of
ethanol in nitrogen, with total flow (N+ethanol) of
~50 mL min~". This ethanol concentration is set to keep the
theoretical number of electrons constant for both fuels:
hydrogen (100%) and ethanol (17%) [10,14]. To evaluate the
stability for direct (dry) ethanol conversion, the single cells
were continuously operated for different times on stream
(TOS) while the current density (i) at fixed cell voltage of 0.6 V
was measured as a function of the time. The electrochemical
characterization was performed during cell operation under
hydrogen and the ethanol stability tests using a Zahner IM6
Electrochemical Workstation. Polarization measurements
under H, were taken from OCV to 0.2 V, with a resolution of
15 mV and a delay time of 1 s. During stability test under
ethanol the potential range of the i x V curves was limited in
the 0.6 V-0.2 V range to ensure the water generated by the
electrochemical oxidation of hydrogen. Impedance spectros-
copy data was collected under polarization at 0.6 V, with
10 mV ac amplitude in the 100 kHz —1 Hz frequency range.
Impedance diagrams were deconvoluted using an equivalent
circuit model (Fig. S11) described elsewhere [17,59]. The sta-
bility of fuel cells running on ethanol was verified in duplicate;
at least two samples of each ceria dopant composition and
fuel cell configuration (ESFC and CLFC) were tested. After fuel
cell stability tests, SEM analyses of the fractured surfaces of
the anode were carried out to examine possible carbon
deposits.

Results and discussion
Characterization of the catalysts

All catalysts calcined at 1473 K presented a low surface area
(<10 m%g) because of the high calcination temperature, in
agreement with previous Ni/CeGd samples (8 m?/g) prepared
in the same conditions used in this study [18].

The XRD patterns obtained for samples after calcination
are shown in Fig. 1. The diffraction lines of a cubic cerium
oxide phase (ICSD 34-394) and oxide of nickel (JCPDS 24018)
were observed for all samples. Comparing the 26 positions of
diffraction peaks of doped samples with that of CeO,, a
displacement of the diffraction peaks to lower 20 was
observed for Ni/CeGd, while the diffraction lines were shifted
to higher 26 values for Ni/CeZr, Ni/CeY and Ni/CeNb. These
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Fig. 1 — XRD analyses for (a) samples after calcination and
(b) Ni/CeNb sample between 20 = 27—-34°: (- - -) CeO»; (o)
NiO; (*) Cer04, (0) NiszOs.

shifts were more significant for the samples containing Zr and
Gd and were associated to contraction or expansion of the
ceria lattice, respectively. The ceria lattice parameter (a) ob-
tained for calcined samples (Table 1) showed that doping ceria
with Gd*" led to an increase of the lattice constant, while the
addition of Y**, Zr** and Nb*® reduced the lattice parameter in

Table 1 — Values of CeO, lattice parameter obtained for

samples after calcination at 1473 K and after reduction at
1023 or 1123 K (Miller index used (111)).

Sample Lattice parameter (A)
After After reduction After reduction
Calcination at 1023 K at 1123 K
At 1473 K

Ni/CeGd 5.4164 5.4684 5.4779
Ni/CeY 5.4062 5.4628 5.4824
Ni/CeZr 5.3843 5.4577 5.4705
Ni/CeNb 5.4044 5.4515 5.4811

comparison to the reported lattice parameter of CeO, (5.412 A)
[60—62]. The lattice parameter dependence on the ionic radius
of dopants in solid solutions of ceria with a fluorite type
structure is well described and similar features were previ-
ously reported [63—65]. In the case of Zr** (0.084 nm) and Nb>*
(0.069 nm), which have ionic radius smaller than Ce*"
(0.097 nm), it was observed a contraction of ceria lattice. The
opposite effect was determined for Gd*" (0.105 nm) doping
that results in larger ceria lattice parameter. However, for the
sample doped with Y>*, a contraction was observed, despite of
Y3+ having a larger ionic radius (0.102 nm) than Ce*". This
behavior was previously observed for dopants with ionic
radius smaller than that of the Gd3*, such as Yb>*, Ho** Er*™,
and Y3*, and ascribed to both electrostatic and steric effects
caused by interactions between oxygen vacancy, cerium and
the dopant [65—69].

Regarding Ni/CeNb, the lines corresponding to monoclinic
phase of CeNbO, (PDF 01-072-0905) and nickel niobate phase
(PDF 32-0694 and ICSD 37-213) were detected (Fig. 1b).

In situ XRD analyses carried out during reduction for Ni/
CeNb and Ni/CeZr are shown in Fig. 2. The XRD patterns of the
other catalysts are shown in the supplementary information
(Figs. S2 and S3).

For all catalysts, the values of 26 observed for diffraction
lines corresponding to CeO, cubic phase decreased, when the
reduction temperature was increased. The shift observed up
to 600 K is attributed to a lattice expansion that occurs when
temperature is increased [57]. However, at higher tempera-
tures, this shift is also associated with the formation of oxy-
gen vacancies and Ce*" cations due to the reduction of CeO,
because ionic radius of Ge** (0.97 A) is smaller than that of
Ce3* (1.14 A). A comparison of XRD patterns obtained for ceria-
doped samples showed that this displacement was more
pronounced for the catalyst containing Zr. The shift of these
lines upon reduction decreased in the order: Ni/CeZr > Ni/
CeNb = Ni/CeY > Ni/CeGd. These results confirm that the
promotional effect on ceria reducibility was more significant
using Zr as dopant.

Regarding Ni/CeNb sample (Fig. 2b), the increase of
reduction temperature led to a decrease in the intensity of the
lines related to monoclinic phase of CeNbO, and NiNb,Og
whereas the lines associated with tetragonal phase of CeNbO,
was observed. At 1123 K, the lines of NiNb,Og and monoclinic
phase of CeNbO, were no longer detected. Previous study [70]
indexed CeNbO, with a monoclinic structure at room tem-
perature. However, when CeNbO, was heated under air or
vacuum, the tetragonal phase was detected above 573 K.

Tables S1 and S2 (Supplementary information) report the
CeO,, NiO and Ni° crystallite sizes obtained after calcination at
1473 K and during the reduction under H, from 298 to 1123 K.
Relatively large crystallite sizes calculated for both ceria
(80—130 nm) and NiO (84—129 nm) are attributed to the high
calcining temperature. The reduction at 1123 K led to an in-
crease of average particle size of CeO, for the samples with Zr
and Gd. On the other hand, no significant changes were
observed in average particle size of CeO, for the catalysts
containing Y and Nb. Regarding nickel, all samples reduced at
1023 K exhibited large metallic Ni crystallites (89—118 nm).
The catalysts doped with Zr and Nb presented the largest and
smallest metallic Ni crystallite size, respectively. A raise of the
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temperature of reduction to 1123 K caused to an increase in
Ni° average particles size for all samples. The samples with Gd
and Nb presented the larger metallic average particles size.

The TPR profiles for all calcined materials are presented in
Fig. 3. It was also presented the TPR analysis of bulk NiO for
comparison. The TPR profiles of Ni/CeGd and Ni/CeY were
similar. Three reduction peaks at 713, 760 and 830 K were
detected for these samples. For Ni/CeZr, there is only a
shoulder at around 737 K, which is likely due to the large H,
consumption with a maximum at 831 K. This broad peak at
high temperature extends up to 1050 K for catalysts con-
taining Gd, Y and Zr. A comparison between these results
with those obtained in situ XRD analyses showed that the
peaks of H, at temperature range of 713 and 880 K corre-
sponding to the formation of Ni° due to NiO reduction. Ac-
cording to the previous reports [71,72], the H, uptakes at 713
and 737-760 K can be associated with the formation of Ni°
from the reduction of bulk nickel oxide. The H, consumption
at higher temperatures (880 K) corresponds to the reduction
of nickel oxide particles that exhibit a stronger interaction
with the support [72]. A comparison of TPR profiles obtained
for catalysts containing Gd, Y and Zr showed that the Zr-
doped sample exhibited the highest H, consumption at
higher reduction temperatures.

Because the degree of reduction of samples doped with Gd,
Y and Zr exceeded the value of 100% (Table 2), the peaks of H,
consumption at 600—1300 K could be related to reduction of
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Table 2 — H, consumption and degree of reduction of NiO
calculated by TPR analyses.

Catalyst H2 consumption Reduction degree (%)
umol/gcat

Ni/CeGd 243 142

Ni/CeY 218 128

Ni/CeZr 264 155

Ni/CeNb 147 86

both nickel oxide and CeO, crystallites promoted by the
presence of metal through hydrogen spillover [42,73].

Contrary to what was observed in the TPR analyses for
samples containing Zr, Gd e Y, for the catalyst doped with
Nb, it was detected small H, consumptions around 722 and
924 K. Additionally, a peak at high temperature (991 K) was
observed. Moreover, the reduction of NiO was not complete
(reduction degree of NiO = 86%). Some authors [74,75] re-
ported that the low reducibility of Ni/CeNb catalysts could
be assigned to the formation of a phase of NiNb,O¢. The
reduction of this phase occurs at temperatures higher than
773 K. Some works [76,77] showed that the H, consumption
at high temperature in the TPR profile of niobia-promoted
Rh/SiO, catalyst is due to the presence of a RhNbO,
phase. In this work, XRD analysis of Ni/CeNb detected the
presence of a NiNb,Og phase after calcination. In addition, a
Ni/CeNb sample showed H, consumption in the TPR ana-
lyzes in the same regions as the NiNb,O¢/CeO, catalyst.
This catalyst also exhibited the formation of CeO,, CeNbO,,
NiO and NiNb,Og after calcination, as revealed by XRD
analysis [57]. Herein, the results observed indicate that the
peaks of H, uptake at low temperatures can be related to
NiO reduction. Moreover, the H, consumption at high
temperatures can be related to the reduction of NiNb,Og
phase.

ED and SR of ethanol in a fixed-bed reactor

In this section, the decomposition and steam reforming of
ethanol in a fixed-bed reactor and the characterization of the
catalysts after reactions are presented.

ED and SR of ethanol

ED at reaction temperature of 1123 K was carried out without
catalyst (Fig. 4a). At the beginning of the reaction, ethanol was
consumed completely. It was also observed the formation of
hydrogen, carbon monoxide, carbon dioxide, methane and
small quantities of ethylene.

In the presence of the catalyst, the ethanol conversion
remained constant during 28 h time on stream (TOS), as
shown in Fig. 4b and c for Ni/CeZr and Ni/CeNb, respectively.
The same results were observed for other -catalysts
(Fig. S4a—b, Supplementary information). The presence of the
catalysts led to a higher production of H, and a lower forma-
tion of ethylene. In the first 4 h of reaction, a decrease in the H,
production and an increase in the selectivity to carbon mon-
oxide, methane and ethylene were detected. At the end of the
reaction (28 h TOS), the selectivities were around 45, 30, 20 and
5-10% for H,, CO, CHy and ethylene, respectively. It was

observed that the type of dopant did not affect the conversion
of ethanol conversion and the selectivities to products for ED
at 1123 K. Taking into account the mechanism of ethanol re-
actions previously proposed [78], the products obtained indi-
cate that the ethanol decomposition and dehydration
reactions are taking place. Augusto et al. [18] showed the same
results for decomposition of ethanol using Ni supported on
cerium oxide doped with Gd as catalyst.

The effect of the addition of water to the feed was evalu-
ated by SR of ethanol carried out at 1123 K. The values of
conversion of ethanol and product distributions versus time
on stream (TOS) for SR of ethanol (molar ratio of H,O/ethanol
molar ratio = 3.0) over catalysts containing Gd and Nb are
presented in supplementary information (Fig. S5a—b). At the
beginning of the reaction the ethanol was consumed
completely. No loss of catalytic activity was observed during
the reaction for both samples. The presence of the water in the
feed stream led to an increase of the selectivity to H, and CO,,
whereas the production of CO and CH, decreased in compar-
ison to the ED reaction. Furthermore, the formation of acet-
aldehyde and ethylene was not observed. No changes were
detected in products distribution during the reaction. These
results are in good agreement with the ethanol steam
reforming reaction mechanism, indicating that the decom-
position and reforming of ethanol reactions (Co;HsOH + 3H,0
—6H, + 2C0O,) and reaction of water gas-shift were favored for
the catalysts studied.

The design of an anode resistant to carbon deposition is
one of the great challenges of SOFC powered by bioethanol.
Some authors [8,79] reported that a deposition of large
amounts of carbon was observed for SR of ethanol around
1173-1273 K over Ni/YSZ anode. The carbon deposition was
assigned to the methane, ethane, and ethylene decomposition
and to the occurrence of reaction of Boudouard.

In order to evaluate the causes for the loss of catalyst ac-
tivity such as carbon formation and metal sintering, in situ
XRD analysis during ED was performed. In addition, the SEM
and TG analyses were carried out after ED and SR of ethanol.

In situ XRD during ED

The in-situ X-ray diffractograms obtained along the ED at re-
action temperature of 1123 K for all catalysts are shown in
Figs. S6 — S9 (Supplementary information). As previously
described, the lines of Ni® and CeO,., phases were observed in
the diffractograms for all samples after reduction. This in-
dicates the partially reduction of CeO,. For Ni/CeNb, the lines
associated to tetragonal phase of CeNbO, were also observed.
However, after 15 min of reaction, CeNbO, phase was no
longer detected. In addition, a displacement of the lines cor-
responding to CeO,.« phase to lower 26 positions was observed
during reaction for all samples. This displacement decreased
in the order: Ni/CeZr > Ni/CeY > Ni/CeNb > Ni/CeGd. These
results suggest that all samples underwent continuous
reduction of ceria along the reaction and this effect was more
important for Zr-doped ceria. Moreover, the lines related to
NiO were not detected, indicating that crystallites of metallic
Ni were not oxidized. The increase of reaction time led to a
lattice parameter expansion. The hydrogen formed led to a
reduction of Ce**, forming Ce®* during the reaction (Table S3,
supplementary information).
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Fig. 4 — Product distribution and ethanol conversion for ED at 1123 K in the absence of catalysts (a) and over catalyst doped

with Zr (b) and catalyst doped with Nb (c).

When the crystallite sizes of ceria calculated for the sam-
ples reduced at 1123 K were compared with those observed
after 1 h of reaction (Table S1, supplementary information), it
was observed that the CeO, crystallite size increased for Ni/
CeY and Ni/CeNb. This effect was greater for the catalyst
containing Y. On the other hand, for the Gd-doped sample,
CeO, crystallite size decreased after reaction, whereas for Ni/
CeZr, no significant changes were observed.

Concerning the Ni° crystallite (Table S2, supplementary
information), an increase in crystallite size was only detected
for Y-doped sample. For Ni/CeGd and Ni/CeNb, the Ni° crys-
tallite size decreased after the reaction, and for Ni/CeZr, Ni°
crystallite size remained practically unchanged.

Characterization of used catalysts

The results obtained in SEM analyses of the samples after ED
are presented in Fig. 5. Carbon filaments were detected for all
tested catalysts.

According to the mechanism proposed in the literature
for ethanol reactions [78,80,81], ethoxy species and a
bridging —OH group are formed by dissociative adsorption
of ethanol on supported metal-based catalysts at low tem-
peratures. With increasing temperature, ethoxy species can
be dehydrogenated to acetaldehyde and acetyl species. At
higher temperatures, the dehydrogenate species are con-
verted to acetate species via support bound —OH groups.
The acetate species can be decomposed to CO, CH, and
carbonate, while the dehydrogenated species can be
decomposed, producing H,, CO and CHx. When the rate of
desorption of CHy species (e.g. CHy) is lower than the rate
of formation of CHy species catalyst deactivation occurs. In
this case, the dehydrogenated of the CHy species to form H
and C takes place on metal surface. For Ni based catalysts,
this highly reactive carbon species can encapsulate the
metal particle or dissolve into the nickel lattice, forming
nickel carbide. This is the first step for the nucleation and
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growth of carbon filaments The type of carbon formed also
depends on reaction temperature [78]. At temperatures be-
tween 623 and 723 K, Ni particles are completely encapsu-
lated by coke. On the other hand, when ethanol reactions
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Fig. 6 — TPO profiles obtained by TG analyses for catalysts
after ED carried out at reaction temperature of 1123 K.

were carried out at 773 or 823 K, carbon filaments were
observed. At temperatures higher than 873 K, carbon
deposition was not detected [17,78,80,81]. Such mechanism
is possibly hampered in the studied Ni/doped-ceria due to
the relatively large crystallite sizes resulting from the high
processing temperatures.

Fig. 6 shows the TPO profiles obtained by TG analyses for
catalysts after ED carried out at 1123 K. Only one broad peak
from 830 to 1000 K was detected for all samples. These peaks
at high temperatures in the TPO profiles of supported Ni-
based catalysts after reactions of conversion of ethanol at
temperatures around 773—873 K and higher than 873 K were
attributed to the filamentous oxidation and graphitic carbon

Table 3 — Quantity of carbon formed on catalysts after ED

carried out at reaction temperature of 1123 K (mg carbon/
(8cat h)).

Sample Carbon formation rate (mg carbon/(gcac h)
Ni/CeGd 4.5
Ni/CeY 5.0
Ni/CeZr 3.1

Ni/CeNb 1.8
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oxidation, respectively [72,82—86]. Thus, SEM and TPO ana-
lyses carried out after ED reactions showed that the type of
dopant has little effect on the morphology of carbon deposit.
More significantly, the type of dopant had a clear influence on
the total amount of carbon formed, as shown in Table 3.

The lowest (1.8 Mgcarbon/gcath) and the highest rates of
carbon formation were obtained over the catalysts doped with
Nb and Y (5.0 Mmgcarbon/Ecath). Moreover, Ni/CeGd and Ni/CeY
exhibited a similar carbon formation rate.

Regardless of the type of carbon formed, the use of ceria-
based oxides as a support can promote the removal of coke
from the surface of supported metal catalysts [72,78,87—90]. In
the case of carbon filaments, the nickel carbide formed at the
first step for the nucleation and growth of filaments is
oxidized by the oxygen supplied by the ceria support. The
oxygen is transferred from the support to the metal at the
metal-support interfacial perimeter. Therefore, a high oxygen
storage capacity and a high area of the interface between
metal and support are essential to obtain an adequate clean-
ing of the surface of metallic crystallite.

In this study, the Zr-doped Ce sample should exhibit a
lower formation of carbon during ED, since Ni/CeZr showed a
higher reducibility, as revealed by TPR and in situ XRD. How-
ever, similar quantities of carbon were obtained over catalysts
containing Gd, Y and Zr. This result suggests that the increase
of oxygen vacancy concentration did not inhibited the for-
mation of carbon.

On the other hand, the presence of Nb in the ceria
decreased the deposition of carbon. Such a result is possibly
due to a combination of the charge compensation defects and
a geometrical effect. Under low oxygen partial pressure, the
cerium was reduced due to an electronic compensation that
was produced by Nb-doping (Egs. 4) and (5)). Such charge
compensating defects result in increased electronic conduc-
tivity that was previously associated with an improved carbon
oxidation in Nb-doped ceria as compared to Gd-doped sample
[51]. Samples containing Nb exhibit a higher concentration of
electronic carriers under oxidizing conditions that are avail-
able for the ionization of adsorbed oxygen species [48]. Thus,
such oxygen species react with carbon formed, promoting the

1 1 1 1 1 1
473 673 873 1073 1273 1473 1673
T (K)

Fig. 7 — Dilatometric curves of the NiO/doped-ceria
composite compacts.

carbon removal on Nb-doped ceria [48]. Furthermore, previous
studies proposed that the RhNbO, phase is formed during the
calcination of Rh/SiO, catalyst promoted with Nb. At high
reduction temperature, it was detected the formation of Rh
and NbO, species that are deposited on metal particles surface
[76,77]. This effect decreased the reaction rate of hydro-
genolysis of ethane. In this work, TPR and XRD analyses
indicated the formation of a NiNb,Os phase for Ni/CeNb
catalyst. During the reduction of this phase, Ni particles
covered by NbOy patches could be formed, blocking some Ni
active sites. This could lead to the occurrence of the so-called
geometric effect that would affect those reactions requiring a
large ensemble of atoms, such as the formation of carbon [91].
The carbon deposition rate for SR of ethanol is influenced by
the metal particle size. The higher coke formation rate occurs
on large metal particles due to the higher fraction of exposed
terrace atoms [78,92]. The partial coverage of this terrace
atoms by NbOx patches suppress the deposition of carbon.

Nevertheless, the presence of water in the feed avoided the
deposition of carbon. The carbon formation was not detected
over Ni/CeGd and Ni/CeNDb after SR of ethanol, as revealed by
SEM (Fig. S10) and TG analyses. Previous studies have shown
that the mechanism of carbon removal was promoted in the
presence of water that reduces the coke formation along the
SR performed at high temperature reaction [55].

The Ni/doped-ceria catalysts here described complement
previous studies in which Ni/CeGd cermets were investigated
concerning the effect of the volume fraction of Ni [18]. In the
present study, the main goal is to evaluate the effect of the
dopant of cerium oxide, as the ceramic phase of Ni-cermets,
considering both the catalytic and electrochemical proper-
ties for ethanol SOFC, to advance previous catalytic data on
fixed bed reactors [57]. Thus, we have selected both the Zr **
and Nb>* dopants to study the Ni/doped-ceria cermets on fuel
cells because such materials presented lower values of rate of
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Fig. 8 — Arrhenius plots of the total conductivity extracted
from the impedance diagrams of sintered pellets of (Nb and
Zr)-doped ceria ceramics and Ni/CeNb. The straight lines
correspond to the best Arrhenius fit. The conductivity of
undoped ceria is shown as a reference.
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coke formation during decomposition of ethanol, and, thus,
they are the most promising compositions for direct ethanol
SOFC.

Characterization of SOFC anodes

properties of the NiO/doped-ceria anode precursor

The sintering properties are essential parameters for the
fabrication of SOFC anodes. The linear retraction as function
of the temperature of NiO/doped-ceria green compacts is
shown in Fig. 7. The Zr-doped ceria exhibited onset of linear
retraction at around 723 K and the maximum retraction rate at
around 1323 K. The retraction reaches a plateau at high tem-
perature with a total retraction of approximately 18% at
1673 K. Nb-doped ceria showed a different behavior with both
the onset of retraction and the maximum retraction rate
shifted to 75 K higher than that of the CeZr sample, with a
second maximum retraction rate at around 1628 K. Nb-doped
ceria exhibited a total linear retraction close to 22%, but it has
not reached the final sintering stage at 1673 K. Such features
observed in the dilatometry data of Ni/CeNb are consistent
with the presence of a secondary phase in the Nb-doped
sample.

The dilatometry runs evidenced that different sintering
temperatures used for fuel cell fabrication likely results in
different microstructures of the studied cermets depending
on the temperature used for fuel cell fabrication. Particularly,
the current collector anode layer (CC) sintered at 1723 K, both
Zr and Nb-doped samples may exhibit different final average
particle size and porosity that may influence the electrolyte-
supported (ESFC) fuel cell performance. Nonetheless, con-
trolling such parameters was a hard task. Thus, we have
adopted a standard procedure for fuel cell fabrication aiming
to investigate preferably the stability of the fuel cell under
ethanol rather than optimizing the electrochemical
performance.

Fig. 8 shows the Arrhenius plots for both Zr- and Nb-doped
ceria supports, CeO, as reference, and the NiO/CeNb anode
precursor. All samples exhibited a thermal activated behavior
that was fitted to an Arrhenius-type charge transport. Ideally,
doping of ZrO, in CeO, may not promote the formation of
oxygen vacancies, but increases the ionic conductivity of
CeO,. However, the substitution of Ce** for the smaller Zr**
ion induces a distortion of the ceria framework that results in
a displacement of oxygen atoms from their ideal positions
inducing an increase in the mobility of oxygen and conse-
quently an increase in electrical conductivity [47,48,93]. On the
other hand, Nb dopingleads to different charge compensation
process that produce electronic defects resulting in a large
electronic conductivity according to reaction (4) and ref
[52,94]. The calculated activation energy E, values reflect such
features. Both ceria and CeZr samples have typical values for
02~ conductors (E;0.9 eV). Differently, CeNb has a much lower
E;0.33 eV and higher total electrical conductivity, character-
istics of mixed ionic-electronic conductor (MIEC) [52,95].

The results confirm that the ceria dopant has a pronounced
effect on the electrical properties of the support, changing
both the nature and the concentration of charge carriers.
Adding a semiconducting second phase (NiO) in composites
having an oxygen ion conductor as the matrix, as in NiO/ceria,

it is expected to substantially increase the electrical conduc-
tivity and decrease the E, values, as compared to the ionic
conductor matrix [96,97]. In contrast, adding NiO to the CeNb,
resulted in small changes in the electrical conductivity and E,,
evidencing the strong mixed ionic-electronic conductivity of
CeNb sample. Such features will reflect in the electrical
properties of the anodes and will be important for the direct
ethanol fuel cell electrochemical characterization.

Direct ethanol fuel cell stability test

Firstly, both configurations of single cells (Fig. S1), the
electrolyte-supported (ESFC) and the electrolyte-supported
with catalytic layer (CLFC), were tested on H, for anode
reduction and system stabilization, as shown in Fig. 9 and
Fig. 10, respectively. After stabilization at 1123 K, all samples
attained an OCV ~1.1 V, close to the theoretical value for H,
(3 vol.% H,0). Fuel cells were then polarized at 0.6 V and after
~20 h, H, was switched to dry ethanol (carried by N,). The
current density at 0.6 V was monitored while fuel cell was
continuously operated for approximately 100 h for the sta-
bility tests on dry ethanol. Figs. 9 and 10 show the current
density i as a function of the operating time at 1123 K along
with the corresponding impedance diagrams and i x V curves
taken during the test.

As a general trend, fuel cells were observed to increase the
current output during the initial ~10 h of operation under
hydrogen. In the CLFC samples (Fig. 10) the Ni/Ce(Zr,Nb) is the
external catalytic layer and play no role on the electrical
transport, whereas for the ESFC (Fig. 9) the Ni/Ce(Zr,Nb) is the
current collection anode layer (CCL). Thus, CLFCs samples
(Fig. 10) outperform the ESFC configuration (Fig. 9). Such a
result is mainly related to the lower conductivity of the Ni/
CeZr and Ni/CeNb cermets, with low Ni content (18 wt% Ni)
used as CCL in ESFC. The metallic fraction of the studied
cermet is considerably lower than that of the standard Ni/YSZ
current collector composition (60 wt% Ni) used in the CLFC.
Impedance spectroscopy data taken under polarization in
hydrogen showed that both the ohmic and polarization re-
sistances decrease within the initial 10 h. The observed
decrease of the ohmic resistance agrees with a possible
cathodic activation and a slow kinetics of the reduction of
relatively dense anodic layers. Such a feature is possibly
related to the low porosity of the anode layers attained during
the fuel cell fabrication, as evidenced by measured apparent
density of the samples after the dilatometry runs (Fig. 7). The
Ni/doped-ceria samples showed a high sinterability with
maximum retraction rate occurring at temperatures (1323 K),
significantly lower than the one used for ESFC fabrication
(1673 K). The low porosity of the Ni/doped-ceria CCL layer
hinders the reduction of the anode during the initial hours of
operation under hydrogen. Probably, as the NiO reduction
develops, the anode porosity increases and promotes the
enhancement of triple phase boundaries in the anode/elec-
trolyte interface, decreasing the overall polarization resis-
tance of the fuel cell.

By changing hydrogen to dry ethanol, a decrease in the
performance was observed as a sharp drop (~35%) of the
current density. It is important to consider that ethanol flow
rate is reduced to a 1/6 of the hydrogen concentration to keep
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the theoretical number of electrons constant [13,98]. In pre-
viously reported studies using ceria-based catalytic layers
(25 pm thickness) for direct ethanol SOFC, the current output
for both H, and ethanol was comparable [13,14,98].This was an
evidence that ethanol was steam-reformed in the catalytic
layer and the produced hydrogen was electrochemically
oxidized with good overall efficiency [14,98]. In the present
study, possibly due to the microstructural features of the Ni/
doped-ceria anode layers, changing H, to ethanol decreased
the Faradaic efficiency of the fuel cell. Important parameters,
such as porosity and anode layer thickness, must be opti-
mized to attain high-performance fuel cells. Controlling the
processing parameters to obtain similar microstructures of
materials containing Zr and Nb was a hard task because of the
different sintering characteristics (particle size distribution,
agglomeration, etc), resulting from the different ceria dopants
(Fig. 11). Nevertheless, our results provide an important
comparison to evaluate the stability of the catalyst in direct
(dry) ethanol SOFCs. In this context, the thickness of the
anode layers was kept to a few microns (~10 pm) to evidence
any possible deactivation of the catalyst due to carbon de-
posits. The fuel cell performance when H, was changed to
ethanol was reflected on the impedance spectroscopy dia-
grams. As compared to H,, impedance data taken under
ethanol exhibit a slightly higher ohmic resistance and a more
convoluted diagram, in which the polarization resistance in-
creases and a spike at the low frequency end develops. The
low frequency (spike) component is related to complex mass
transport processes taking place in the fuel cell with internal
reforming and requires further investigation [14,98]. The in-
crease in both ohmic and polarization resistances agrees with
the lower current output of the fuel cell under ethanol and can
be ascribed to several factors related to the complex reactions
taking place at the anode layers. The steam reforming reac-
tion is strongly endothermic and can induce a local decrease
of the temperature, ethanol and steam contribute to a higher
Po2 as compared to H, that can promote a partial oxidation of
Ni. Such effects can be associated with the increased imped-
ance components measured under ethanol; however, further
studies are underway to better clarify this point.

The main purpose of this study is to test Ni/CeZr and Ni/
CeNb anode layers under the harshest conditions, in which
ethanol is delivered directly to the fuel cell without any
oxidant, such as water, to avoid carbon deposits. Thus, the
most important experimental result is the stability of the fuel
cells running on dry ethanol. Fuel cells were operated for
approximately 100 h on dry ethanol without noticeable
degradation due to carbon deposit accumulation. A closer
inspection of the impedance diagrams measured during the
stability tests show some interesting features (Figs. S12—S15
and Table S4). For both ESFC and CLFC, the ohmic resistance
increased with increasing operating time. On the other hand,
the polarization resistance exhibited a slight decrease with
increasing measuring time. The impedance diagrams of CLFC
samples showed that low and high frequency components of
the polarization arc have distinct behaviors: the high fre-
quency component increases, whereas the low frequency
decreases with the operating time. Overall, the total resis-
tance of the fuel cells on ethanol is not significantly changed
during the long-term tests, in agreement with the stability

observed in the i vs. time data. It is important to consider that
carbon deposits were reported to build up rather fast (up to
4 h) in standard fuel cells running on (dry) hydrocarbons and
ethanol [14]. Such quick deactivation is similar to the one
observed in the ED reactions due to carbon formation and it is
evident during the initial hours of fuel cell testing [14,99]. The
stability of the Ni/doped-ceria cermets in fuel cell conditions
was measured up to 100 h, greatly exceeding the typical time
interval for observing fuel cell collapse due to carbon deposit
formation.

The electrochemical characterization gives a strong indi-
cation that the studied Ni/doped-ceria cermets are efficient
catalysts to avoid carbon formation in the operating condi-
tions of direct ethanol SOFC. Such stability is achieved
because the electrochemical oxidation of hydrogen produces
water for ethanol steam reforming reaction [13,14]. Thus,
under polarization at 0.6 V, the fuel cell resembles the con-
ditions observed in the steam reforming reactions ESR shown
in Fig. S5a—b. In agreement with ESR conditions, no deacti-
vation due to carbon deposits was identified during fuel cell
durability tests on (dry) ethanol. Ideally, the electrochemical
oxidation of hydrogen produces an equimolar amount of
water, whereas in the ESR 1 mol of ethanol consumes 3 mol of
water to produce 6 mol of hydrogen (Eq. (7)). Therefore, pro-
vided that the fuel cell runs with a minimum fuel utilization
(~30%), electrochemical combustion of hydrogen generates
water in stoichiometric excess for the catalytic reaction pro-
ducing hydrogen, and, thus, both reactions sustain each other
[81]. This coupling of both electrochemical and catalytic re-
actions for internal reforming evidences the robustness of the
Ni/doped-ceria cermet in such a harsh condition for the sta-
bility of the fuel cell.

As both fuel cell configurations (CLFC and ESFC) were very
stable under ethanol, the main difference concerning the
investigated ceria dopants was related to the electrical prop-
erties of the anode layers. As indicated by the electrochemical
tests shown in Figs. 9 and 10, the main differences arise from
the anode configuration. For the CLFCs, in which Ni/doped-
ceria catalytic layer is not part of the electrical connection,
the ohmic resistance of all specimens (~1.5 Qcm™?) corre-
sponds to the ohmic resistance of the standard cell configu-
ration using Ni/YSZ (60 wt% Ni) anode. In the CLFC
configuration the Ni/doped-ceria cermet plays exclusively the
role of the catalyst and no significant differences on the power
output were observed between the samples with both Zr and
Nb doping. This is an indication that Ni controls the catalytic
properties for ethanol steam reforming as long the doped-
ceria support contributes for the reaction stability by
different mechanisms, as previously discussed for Zr and Nb
dopants in section ED and SR of ethanol in a fixed-bed reactor.
Such a feature is supported by the comparable values of the
polarization resistance measured for all the CLFC samples
(~1.5 Qcm™?), regardless of the compound used in the catalytic
layer. On the other hand, for ESFC the Ni/doped-ceria is used
as the anode (current collector layer) and the electrical prop-
erties of the doped-ceria support are expected to change the
electrical properties of the fuel cell. The ohmic resistance
values of the ESFC samples were higher than those of CLFC
due to the lower volume fraction of Ni in the Ni/doped-ceria
anode as compared to the standard Ni/YSZ anode (60 wt%
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the interface between anode support and catalytic layer.

Ni). The ceria-zirconia solid solution is known to exhibit good
oxygen ion conductivity, whereas Nb-doped ceria has a strong
electronic contribution. Such features were confirmed by the
electrical conductivity measurements shown in Fig. 8.
Notably, the ESFC with Ni/CeNb CCL exhibited lower current
output due to higher ohmic and polarization resistances than
the Ni/CeZr, as inferred from the impedance data. Such a
higher resistance is in agreement with a resistive secondary
phase formation observed in the CeNb support. Nevertheless,
the ESFC samples, in which both the catalytic and electro-
chemical reactions took place in the same layer, were very
stable towards ethanol. Thus, the experimental data indicate
that, the ceria supports exhibit distinct electrical properties
and oxygen storage capacities that result in different mecha-
nisms for a stable ethanol SR reaction.

The absence of carbon deposits was further confirmed by
SEM analyses after ethanol stability tests. The SEM image of
the cross section of the CLFC samples are shown in Fig. 11.
Detailed investigation by SEM revealed no indication of the
formation of carbon filaments typically observed on the cat-
alysts after ED tests previously discussed.

Taking into account the results of catalytic tests and of
both SEM and TG analyses, it is likely that the internal SR of
ethanol takes place in the Ni/doped-ceria cermets. Differently
from the ED reaction, the water resulting from the electro-
chemical reactions promotes internal SR and inhibits carbon
formation. Thus, the catalyst layer uses the steam produced
by the electrochemical oxidation of hydrogen to react with
ethanol to generate more hydrogen. Thus, both the electro-
chemical and the catalytic reactions sustain each other for the
continuous operation of the fuel cell with dry ethanol [18].

Conclusions

Composites of NiO and doped-ceria using different ceria
dopants were synthesized and characterized aiming at
stable direct ethanol solid oxide fuel cells. The prepared
composites, with Ni volume fraction above the percolation
threshold for electronic transport, are active catalysts for
ethanol steam reforming. Amongst the investigated dop-
ants, Zr and Nb-doped ceria exhibited the smallest fraction
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of carbon deposits, as inferred from post-reaction analyses
after ethanol decomposition reaction in a fixed bed reactor.
Such good catalytic properties arise from distinct mecha-
nisms related to different properties of the ceria support
depending on the dopant used. Both Zr and Nb-doped ceria
have markedly different transport properties; while Zr-
doped ceria is known for high oxygen storage capacity,
doping ceria with 10 mol% of Nb results in increased elec-
tronic conductivity and the formation of an insulating
second phase. Such electrical and microstructural features
influenced the catalytic properties of the cermet because of
the different interaction between the ceria support and Ni
depending on the ceria dopant. In standard electrolyte
supported fuel cells, the different electrical conductivities of
the Ni-ceria cermets anode current collector layer resulted
in different performance. However, the transport properties
of the doped-ceria play no role when the cermet was used
as an additional catalytic layer. Thus, fuel cells displayed
similar performances using the Ni/ceria cermets as catalytic
layer irrespectively of the ceria dopant. More importantly,
in both configurations of fuel cell anodes studied the Ni-
ceria cermets showed a very stable performance for 100 h
of continuous operation under dry ethanol clearly indi-
cating that catalytic steam reforming and hydrogen elec-
trochemical oxidation reactions are sustaining each other.
Such results evidenced that ceria-based cermets using Ni
are effective anode materials for internal reforming in
direct ethanol solid oxide fuel cells.
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