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Abstract: The direct utilization of anhydrous ethanol in solid oxide fuel cells (SOFC), with oxygen-
storage anode materials of the type Cu-(ZrxCe;_,Y(20,_5-Al,03), is presented. The ceramic process-
ing of CeO,-Al,O3 and 8YSZ (8% mol yttria stabilized zirconia) favors the reaction between Ceria and
8YSZ. Therefore, anode materials composed of active solid solutions, such as (Zrg 25Ce 75)0.8Y0.201.9
(cubic) and (Zrg 50Cep.50)0.8 Y0.201.9 (tetragonal), in addition to the Al,O3 phase, are produced and
prevent the formation of CeAlOj3. The anodes exhibited an excellent oxygen storage capacity, OSC,
between 415 to 446 umolg_l. This occurred due to the replacement of Cett by 74+, generating
structural defects that increase the oxygen ion mobility and the activity of the Ce**/Ce3* redox
pair. The anode material presenting the cubic phase showed a better electrochemical performance.
The Al,O3 phase provided thermal stability and prevented the coarsening of the solid solution and
loss of Ceria’s redox activity. It allowed for SOFC operation at high temperatures, since the yield
increased as the operating temperature rose from 750 to 950 °C. An analysis of the results before and
after the SOFC operation at 950 °C for 200 h revealed that there was no significant copper grains
coarsening since the performance increased with the temperature. The redox behavior during the
SOFC operation is also explained through a theoretical physical-chemical mechanism.

Keywords: solid oxide fuel cells; ZryCe1_,Y20;_s solid solution; Ni-free SOFC; SOFC thermal sta-
bility with Cu and Al,Os; direct utilization of ethanol; high oxygen-storage-capacity anode materials
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1. Introduction

Significant properties that need to be enhanced upon designing an advanced solid
oxide fuel cell, SOFC, an anode ceramic material, are the thermal stability and the redox
reaction process, which directly influence its oxygen ion storage capacity that constitutes a
major feature for the required electrochemical activity. If the direct utilization of anhydrous
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Received: 24 October 2022 anode material must satisfy is its resistance to carbon coking and clogging [1]. Otherwise,
Revised: 3 December 2022 the fuel cell is subjected to a progressive catalytic deactivation that hinders the operational
Accepted: 29 December 2022 electrochemical processes and induces the occurrence of mechanical failure [2—4]. These
Published: 6 January 2023 are the main characteristics to be simultaneously searched for and fulfilled by a new SOFC

anode ceramic material that adds a substantial degree of complexity to the research work.
Thus, since the beginning of this science-based technology development, an intense
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effort was made to search for anode materials capable of fulfilling all these required and
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utilization of a variety of other fuels beyond pure hydrogen, especially if water vapor
is conveniently added to control carbon deposition when needed. However, the high
reactivity of Ni that renders the formation of multiple solid carbon species easier [5,6] and
its thermal instability has motivated the research of Ni-free SOFC anode materials, opening
a wide window of possibilities within ceramic-based materials.
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Figure 1. Progressive development of SOFC anodes in order to improve their thermal stability and
redox activity.

In this context, encouraging results were initially obtained by Gorte et al. and Barnett
et al. [2,7-14] with Cu-CeO,-YSZ SOFC anode materials, as indicated by number 3 in
Figure 1, due to the high capacity of CeO; to store or release oxygen under oxidizing
or reducing atmospheres, respectively. For example, the direct utilization of humidified
methane in a Ceria-based anode was reported [7], reaching a power density of 0.37 W /cm?
at 650 °C. On these anode materials, copper acts as an electronic conductor; in other words,
it does not perform catalytic activity, while Ceria improves the electronic-ionic conductivity
and electrocatalytic activity [7]. On the other hand, this kind of anode shows problems
regarding the Ceria thermal instability that can occur under SOFC preparation and/or
operation conditions at temperatures above 800 °C, which induces a loss of electrochemical
activity [13,15]. A possible explanation for this is related to the sintering of Ceria, which
makes it inactive for the redox reaction Ce** <+ Ce®*. An example of this electrochemical
activity loss was reported by He et al. [14] when analyzing a series of single SOFC with
Cu-CeO;-YSZ-based anodes. They observed that the power density of an SOFC operating
with H, at 700 °C decreases from 0.20 to 0.13 and to 0.070 W /cm? if the anode is calcined
at 450 °C, 1000 °C and 1250 °C, respectively [14], while the area-specific resistance (ASR)
increases from 0.8 Qcm? to 1.8 Ocm? and to 2.6 Qcm?, respectively. These results were
attributed to Ceria’s loss of specific surface area, caused by particle sintering [14].

Therefore, the search for more thermally stable anode materials with an oxygen storage
capacity (OSC) that resist temperatures above 800 °C for long periods of time has emerged.
So, to improve Ceria’s catalytic activity and thermal stability, anodes were developed in
which Ceria is present in a solid solution with Zirconium, ZryCe;_yO,_5 [13,16-23], as
indicated by number 4 in Figure 1. In that case, the improvement of the properties occurs
mainly due to structural modifications; the replacement of the Ce** ion by the Zr** ion
causes a distortion of the fluorite unit cell, weakening the binding energy of the oxygen
ions and making them more susceptible to mobility [24]. Thus, the ability of CeO, to
change the oxidation state Ce*/Ce*" provides Ceria with an important capacity to release
and store oxygen. In addition to that, the ionic—electronic mixed conductivity and the
adsorption capacity of H, and CO are improved [11,12]. Through some of these studies
in which the electrochemical properties of these solid solutions were investigated, it was
possible to confirm that compositions rich in Cerium Oxide can be more active in the
performance of SOFC anodes. For example, Song et al. [20,21] reported that among the
electrode compositions studied, the best performance was obtained for those solid solutions
with a lower ZrO; concentration. Anode compositions such as Cu-(Cegg9Zrg100;) and
Cu-(Cep 75Zr( 250,) were favorable for operation with hydrocarbons as fuel. On the other
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hand, Cimenti et al. [19] reported the best stability of the Cu-(Zrg 35Ce 6502)-based anode
in relation to the Cu-CeO;-YSZ-based anode when directly operated with pure ethanol.

The work of the current article is innovative with respect to the works presented by
Song et al. [20] and by Cimenti et al. [19], since both developed Cu and solid-solution-
based anodes with a phase of the type Cu-(ZrxCe;_4O,_s) for operation at intermediate
temperatures up to 800 °C. When Al,O3; was introduced into the anode structure, as in the
present work, it acted as a thermal stabilizer, avoiding the coarsening of the solid solution
with a phase of the type ZryCe;_xY020,_5; thus, it was able to operate the SOFC without
degradation with increased temperatures. It is worth mentioning that the configurations of
the SOFC and the composition of the other SOFC’s components must also be considered as
innovative.

Nevertheless, a study developed by Boaro et al. [25] about the effects of the redox
properties of the Ce( 50Zr( 500; solid solution on the performance of a Cu-(Ceg 50Zr( 5003)-
based anode demonstrated that at temperatures above 800 °C under SOFC operation
conditions, the solid solution may suffer structural changes. In this case, the sintering of
CeO;, is accelerated under a reducing atmosphere due to the formation of oxygen vacancies
in the solid solution bulk, which favors the ions mobility [25]. It was also observed that the
densification of the particles in the solid solution and the presence of cracks in the anode
increased proportionally to the increase in the reduction temperature. For temperatures
below 800 °C, the structural changes would occur slowly, and the main failure would be a
significant loss of the surface area of the catalyst [25].

Hence, it can be said that despite the greater reduction capacity and electronic conduc-
tivity of the solid solution, the structural modifications of Zr,Ce;_«O;_s, as compared to
pure Ceria, can still negatively affect the SOFC’s quality of the electrolyte/anode interface,
inducing the delamination of the electrode. This showed that, in the field of SOFC anode re-
search, the thermal stabilization of Ceria, replacing it with the solid solution Zr,Ce;_xO5_5,
has not yet been fully understood and proved, driving us to the research of new composi-
tions that would stabilize it. With such a purpose, we preliminarily investigated a material
that would contain Cerium Oxide and, at the same time, a thermal stabilizer attached
to it. This led us to the synthesis of a nanostructured CeO,-Al,O3-based electrocatalyst
(indicated by number 5, Figure 1), as reported in our previous work [26]. In possession
of this material, it was possible to develop multifunctional anodes so that by mixing and
ceramically processing the electrocatalyst powder composed of CeO,-Al,O3 along with the
8YSZ catalyst powder, phases of the solid solution Zr,Ce;_4Y20,_5 were obtained and
were found to be active for the electrochemical oxidation of ethanol and/or of the products
obtained from its thermal decomposition, whereas, at the same time, the Al,O3 phase,
which acts against thermal degradation, avoided the coarsening of the solid solution phases
when submitting the SOFC to high operating temperatures. The combination of these fac-
tors is particularly effective at providing a satisfactory OSC (around 400 umolg 1), even if
the anodes have been sintered at 1500 °C. Hence, this made it possible to operate the SOFC
at higher temperatures, since the yield increases as the operating temperature rises from
750, 800, 850, 900 to 950 °C. To increase the electrical conductivity of the anode material, as
well as its resistance to carbon deposition, copper was added, producing the compound
anode material Cu-(ZrxCe1_xY202_5)-AlO3, as indicated by number 6 in Figure 1. To
complement this study, the redox process of the solid solutions in the SOFC anodes is also
exemplified through the proposition of a theoretical physicochemical mechanism.

The present paper presents unique SOFC Cu-(ZrxCe;_Y020;_5-Al,O3)-based multi-
functional anodes for the direct utilization of ethanol as fuel without carbon deposition and
with thermal and redox stabilities. The following scientific contributions were incorporated:

1. A new methodology was created for the synthesis of the electrocatalyst and prepara-
tion of the anodic electrode. A simple ceramic processing of the precursor materials
CeO;-Al,03 and 8YSZ, and sintering of the functional layers, favored the reaction
between Ceria and 8YSZ in order to produce an anode composed of electrochemical ac-
tive solid solutions such as (Zrg »5Ceg.75)0.8 Y0.201.9, cubic, and (Zrg 50Cep 50)0.8Y0.201.9,



Catalysts 2023, 13, 134

4 of 25

tetragonal, in addition to the Al,O3 phase. These solid solutions were homogeneously
distributed in the anode’s microstructure, which exhibited an excellent OSC, while
the presence of dispersed alumina improved the thermal, structural and mechanical
stabilities;

2. The electrochemical activity of the solid solutions was directly related to their compo-
sitions and structure and favored a greater formation of defects in the surface and bulk
sites, allowing the oxygen mobility to be improved. In this way, when operating in an
SOFC-reducing atmosphere, the Ce** reacted with electrons, which were produced
when an oxygen vacancy was formed, and it was reduced to Ce>*;

3. The crystallization of the Al,O3 phase in separate grains prevented its reaction with
CeO;, avoiding the formation of the undesired perovskite CeAlO3 phase, since it
induced a loss in the OSC. In the anode’s microstructure, the Al,O3 phase acted against
thermal degradation, avoiding the coarsening of the solid solution and increasing the
thermal, redox and mechanical stabilities of the solid solution;

4. The presence of alumina in the anode’s microstructure prevented the deactivation of
the OSC properties, favoring the redox process of Ceria in the solid solution at high
temperatures.

2. Results and Discussion
2.1. Anodes’ Structural Analysis

As described in Section 3, three anodes with different functional layers were pre-
pared. Figure 2a presents X-ray diffractograms for each of the samples, before copper’s
impregnation, along with their Rietveld fittings.

According to Figure 2a, only the tetragonal phase (Zrg50Ceg50)0.8Y0201.9 was formed
apart from Al,O3 in ANODE 1 and ANODE 2, while ANODE 3 was additionally composed
of (ZI‘O.25C60‘75)0.8YO‘201‘9, cubic phase. In ANODES 1 and 2, the (Zr0,5oCe0.50)0,8Y0.201.9
phase percentage was over 80.0% mass, while that of the same phase reached only 29.7%
mass in ANODE 3. This indicates that increasing the 8YSZ percentage in functional layer
2 favored the formation of (Zry50Cen50)08Y0.201.9 against (Zr25Ce(.75)0.8Y0.201.9 due to
increasing the Zr** content in the mixture. The stoichiometries of the phases formed in
every anode were within the ideal range of electrical conductivity according to an earlier
study by Yokokawa et al. [27]. In that work, the authors related that the concentration of
CeO; 5 is high in Zr;_Cex Y 20,5 compounds when 0.3 < x < 0.8. High concentrations of
Ce3* (CeO 5) increase electronic conductivity in comparison with Ce** (CeO,) substitution,
making the solid solution a better-mixed ionic—electronic conductor [27]. As observed in
the diffractograms presented in Figure 2a, anodes 1, 2 and 3 presented high crystallinities
of 99.31%, 99.72% and 95.19%, respectively. However, ANODE 3, in which the functional
layer 2 was composed only of the CeO,-Al,O3 ceramic electrocatalyst powder, was slightly
less crystalline. This can be attributed to alumina, due to its high concentration on the
surface of this sample.

Table 1 presents the crystalline parameters for the anodes’ phases, as well as the
interatomic distances and refinement coefficients. An analysis of these results indicated
that the (Zro50Ce50)08Y02019 cell parameters in ANODE 3 were slightly contracted
compared to the same phase in ANODES 1 or 2. It can denote that the ANODE 3 phase
diversity may be involved in a specific grain instead of separated ones, which favors
the oxygen mobility in this sample since the diffusion through grain boundaries could
limit it [28]. This fact may have produced a distortion in the fluorite unit cell, decreasing
the oxygen ions binding energy and making them more susceptible to mobility. A more
detailed anode phase’s analysis obtained from the interaction between Ceria and 8YSZ was
performed with Raman spectroscopy, Figure 2b.

Figure 2b presents Raman spectra for ANODES 1, 2 and 3 before copper impregnation.
As can be inferred from Figure 2b, the three spectra were very similar but differed by the
magnitude of the band intensities and their format. It was observed that the 465 cm~! band
predicted for pure CeO,, whereby the Raman active mode of Fp; symmetry allowed for
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CeO; crystal lattice vibration [28,29], was shifted to a value around 483 cm ! in all three
cases. This shift to higher wavenumbers was due to the solid solution formation, which
resulted from the crystal lattice shrinkage produced by Zr** substitutions [28,30-32]. This
band became intense with the increasing CeO, concentration in ANODE 3, which was
attributed to the crystallization of the (Zr(5Ceq.75)0.8Y0.201.9 cubic phase in addition to the
(Zro50Ce050)0.8Y0.201.9 tetragonal one.
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Figure 2. (a) X-ray experimental and calculated data along with the degree of crystallinity for ANODE
1, ANODE 2 and ANODE 3; (b) Raman spectroscopy spectra for ANODE 1 (blue line), ANODE 2
(red line) and ANODE 3 (green line).

This may be accompanied by a decrease in the lattice parameter, resulting in shorter
M (Ce or Zr)-O bond lengths, as observed in Table 1. The Raman spectra for every anode
also presented weaker bands for wavelengths approximately equal to 132, 272, 334 and
588 cm~!. The variation in the relative intensity of these bands was very subtle and
appeared to be an indication of the modification of the structure of the solid solution.
These bands were sharper for ANODES 1 and 2 and could be related to the tetragonal
(Zrp50Cen.50)0.8Y0.201.9 phase since it was more abundant in these samples (see Table 1). In
addition to that, as pointed out by Eufinger J.-P. et al. [33], several modes that represent
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defects induced by oxygen vacancies in the solid solution have been observed between
100-450 cm ™! in the medium composition range (x = 0.25-0.75). This is consistent with the
modes herein obtained for all three anodes. Furthermore, the substitution of zirconia into
the Ceria lattice resulted in vacancies, which were also responsible for the occurrence of
band broadening and the weak intensity range from 588.41 to 623.70 cm~!. This band was
observed for the three anodes, which could suggest Ce?* in the solid solutions lattice.

Table 1. Anode constituent phase parameters obtained from Rietveld refinements and fitting coeffi-

cients.
Sample Phases Space Grou Lattice Parameters Crystallite Size Phases Fraction Interatomic Refinement
P P P (nm) (nm) (Mass. %) Distances (nm) Coefficients
(ZrosoCens0)osYo2Or9 P4y/nmec a=b=0369(9) 82.08 -+ 0.06 83.0 4+ 1 Zr-0:0.2337 R, =235
ANODE 1 (Tetragonal) c=0.522(7) Ry 182
A0 R3¢ a=b=0475(2) 124.32 £ 0.09 170 £1 Al-0: 0.1963 2155
(Hexagonal) c=1297(2) : : ! : 0. x2=1.
(ZrosoCensn)osYo2Or9 Pdy/nme a=b =0.368(5) 89.33 & 0.04 820+1 Zr-0: 0.2326 R, =231
ANODE 2 (Tetragonal) ¢ =0.520(3) RE 85
ALO; R3c a=b=04751) 122.87 £ 0.09 180+1 ALO: 0.1979 Y =162
(Hexagonal) ¢ =1.297(0) . . . : 0. x2=1.
(Zr°'25cfgfgi[’§{°‘zo1 9 Fm-3m a=b=c=0529(7) 25.636 & 0.04 4934173 Zr-0: 0.2294
R, =259
ANODE 3 (ZrosoCeosolos Y0201 P4y/nmc a=b=0372(3) 17.140.1 29.7 + 155 Zr-0: 0.2223 Ryp =213
(Tetragonal) c=0.528(2) N
AL O3 - a=b=0474(9) . =1
(Hexagonal) R3¢ ¢ =1.297(0) 106.88 + 0.07 21.1+2 Al-O: 0.1987

Observing these results presented in Table 1, it is possible to conclude that a lattice
contraction and a reduction in the M-O average bond length, affected by the replacement of
larger-sized Ce** cations by smaller-sized Zr** ones, might have occurred. However, this
effect was slightly more pronounced for ANODE 3, which had two solid solution phases,
(Zrp.25Ce0.75)0.8Y0.201 cubic and (Zrg 50Cep50)0.8 Y0.201.9 tetragonal. This can suggest that
for ANODES 1 and 2, with only the tetragonal phase, the expansion of the cell along
the c axis appeared to compensate for the strain induced by the contraction of the lattice,
which can maintain the amount of defects, while in the cubic structure, the stress induced
favored the formations of the defects. In fact, it has been reported that the increase in the
tetragonality of the solid solution can keep the number of defects almost constant due to
the anisotropy of oxygen mobility [34]. This may occur since the displacement of the lattice
oxygen from tetrahedral to the octahedral sites can generate Ce®" sites in the lattice [28].
Zhang et al. [35] showed that Ce3* with a larger ionic radius (0.1039 nm) than both Cet*
and Zr** was formed in the solid solution in order to decrease the total lattice-strain energy
that accrued due to the wide interval between the ionic radii of Ce*" and Zr**.

Thus, when the Zr concentration in the lattice becomes very large, the total OSC will
eventually start to decrease due to the decreasing number of Ce redox couples.

In other words, it is necessary to maintain the redox equilibrium between Ce** and
Ce®*. It is worth mentioning that the reduction in the M-O average bond length observed
in these anodes can denote the presence of structural defects, indicating that the bulk of the
materials were involved in the redox cycle.

Despite the Raman bands being attributed to Ceria-based solid solution phases, it was
also possible to observe Raman bands at 1280.62, 1351.45, 1438.5 and 1535.33 cm ! for all
samples, which was attributed to the Al,O3 phase. The small difference in the intensity for
these bands observed for ANODE 3 may represent the slightly lower crystallinity on the
surface of this anode. This may have contributed to the lower oxygen storage and release
capacities on the surface of this anode, as shown in Section 2.3.

2.2. Morphology and Microstructure Analysis before Copper Impregnation

Taking into account that the anodes” electrochemical properties are also related to
their unique microstructures, a microstructural analysis was incorporated to the study in
order to investigate this aspect. Figure 3 presents the cross sectional, Scanning Electron
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Microscopy (SEM), micrographs with Energy-Dispersive Spectroscopy (EDS), mapping of
the anodes analyzed before copper impregnation.

Zr,Ceand Y

Al

component highlight

Zr,Ceand Y

Al

Zr,Ceand Y

Figure 3. Scanning Electron Micrographs and EDS spectra of (a) ANODE 1; (b) ANODE 2;
(c) ANODE 3.

The analysis showed homogenous and porous samples with small and large pores,
mostly spherical and eventually interconnected to form elongated pores, which was at-
tributed to the pyrolysis process produced by the cornstarch pore former. Based on the
results from X-ray and Raman analyses and taking into account the EDS mapping in
Figure 3, it can be inferred that the large grains corresponded to the Zr,Ce1_4Y(207_5
solid solution, while the smaller ones were composed of Al,O3. Even though a quantitative
estimation of the surface area of the anodes cannot be made, we can suggest from the visual
observation of these microstructures that, according to the position of the Al,O3 phase in
the samples (in yellow, on the right-hand side of Figure 3), it appears to create a barrier
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against solid solution self-diffusion, since most Al,O3 grains were visualized in the solid
solution’s grain boundaries. It may be playing the role of the diffusion barrier, inhibiting
the solid solution coarsening even after the high sintering temperature.

The experimental procedure used for the production and sintering of anodes signif-
icantly modified their structure, proving to be appropriate so that the reaction between
CeO; from the CeO,-Al,O3 and 8YSZ could take place, forming the solid solution. This
favored the crystallization of the Al,O3 phase, preventing the reaction between CeO, and
Al,O3 from forming Cerium aluminate perovskite, CeAlO3. This means that the presence
of highly dispersed 8YSZ within such a CeO;-Al;Oj3 electrocatalyst impeded the reaction
of Ceria with alumina to produce CeAlOjs. This result is relevant, because it is believed
that the formation of CeAlOj3 leads to a loss in the OSC below 900 °C, since the reduced
Ce®* species in CeAlO; were not oxidized at temperatures below 500 °C [36,37]. This repre-
sented a concern, since our previous work [26] showed that within the synthesis process
of the CeO;-AlO; catalyst, Ceria can react with alumina to form CeAlO3 upon treatments
carried out at lower temperatures. Kozlov et al. [38] reported that the tendency to form
CeAlQ;3 is greatly suppressed for the supported CexZr;_«O; [38] and only occurs for high-
Zirconium-content preparations after undergoing severe thermal aging and reduction [38].
This is beneficial for SOFC anode operation because the presence of Cerium aluminate
would hinder the anode oxygen ion storage capacity under the reducing atmosphere in
the fuel chamber at high temperatures. When Zr**, which has the coordination number
6, substitutes Ce**, which has a coordination number equal to 8, structural defects are
generated in the solid solution, increasing the oxygen ion mobility and the activity of the
Ce** /Ce%* redox pair, which indicates that the phase formed is promising for applications
as SOFC anodes.

2.3. Reducibility and Oxygen Storage Capacity, OSC, Properties

In this section, the results relative to the temperature programmed reduction (TPR)
and OSC of the anode materials sintered at 1500 °C for 3 h are reported. All three anode
materials were subjected to two reduction and oxidation cycles before copper impregnation.
The OSC was measured after each TPR experiment by reoxidizing the samples with pulses
of Oy at 500 °C by temperature programmed oxidation (TPO) experiments. At 500 °C, the
sample was fully reoxidized, and the O, uptake can be taken as the measure of the amount
of oxygen vacancies created upon reduction.

The TPR profiles of the anode materials are shown in Figure 4. For the three anodes,
there were three broad reduction peaks, one in the low temperature range from 200 to
450 °C and two other ones in the high temperature range from 570 to 1000 °C, which can be
ascribed to the reduction in Ce** and the surface and bulk of Ce**, respectively [39,40]. It is
known that the solid solution oxidation and reduction behavior depends on several factors,
such as the pretreatment conditions, degree of sintering, specific surface area, thermal
stability and the nature of the phases present [40]. Wei et al. [41], for instance, studied
the OSC of Cey5Z2rg50;, (without alumina)- and Ceg5Zry50,/Al,O3 (with an alumina
composition ranging from 10 to 75 wt.%)-based catalysts. It was shown that when calcined
at 600 °C, a low temperature, the samples with an Al,O3 concentrations between 10-50
wt.% presented less OSC than those without alumina. On the other hand, when the samples
were calcined at 1000 °C, a high temperature, the OSC of the Ce( 5Zr50,/Al,O3 samples
was larger than that of the Cey5Zry50, without alumina. It has also been shown that,
by increasing the alumina content from 10 to 75 wt.%, the OSC of the samples increases
from 439.5 to 728.0 umol g~ ! and from 351.5 to 700.0 umol g~ !, respectively, for the heat-
treated samples at 600 and 1000 °C. This implies that the specific surface area of the catalyst
Ce( 5219502/ Al;03 becomes larger and the proportion of usable Cerium also increases
correspondingly by increasing the Al,O3 content [41]. It can be said that by comparing the
two mixed oxides, those containing alumina in their composition present a better thermal
stability of OSC at high temperatures.
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Figure 4. TPR profiles of the three anode materials.

Thus, for the purpose of the corroboration and validation of the reactivity of the
anodes developed in the present work, Table 2 presents the TPR and OSC relative results
for the three anode materials, along with some data obtained and reported in the literature
by Wei et al. [41]. With this objective, only the solid solutions with alumina compositions
equal to 10 and 25 wt.%, which most closely matched the phase composition of Al,O3
obtained for the three anodes in the present paper, as seen in Table 1, are reported here. In
addition, only the data published by Wei et al. [41] for the highest calcination temperature,
which is 1000 °C, was used for comparison. It is worth mentioning that this comparison is
presented here in the sense of showing the efficiency of the developed material; however,
the testing conditions and composition of each material should be considered.

Table 2. TPR and OSC of the three anode materials of the present study and OSC for materials from

the literature.

Present Study Literature [41]
TPR OSsC* 0OSC **
Sample Peak Ten:perature (P:lszo(;gitllil;t(:gz (ulgzlgl{};tzl;e()de Sample (03 UPtilie
(TCC) Materials) Materials) (umolg™)
ANODE 1 200-980 4464 4464 Ceg52rp50, 3185
ANODE 2 280-980 446.4 4241 Cey.5Zrp50,/Al,05 (90/10) @ 351.5
ANODE 3 340-1000 375 415.2 Ceg5Zr)50,/AL,05 (75/25) P 365.4

* OSC was measured as O, uptake at 500 °C after performing TPR up to 1000 °C. ** Total OSC was measured
after reducing the sample at the temperature of 550 °C under H, flow (40 min). Before measuring O, uptake, the
sample after reduction was cooled to 200 °C under N, flow, and then a pulse of oxygen was injected up to the
breakthrough point. # 90 wt.% of Cey5Zry 50, and 10 wt.% of Al,O3. b 75 wt.% of Ceg5Zro50, and 25 wt.% of
ALO;.

Comparing, for example, the results obtained for ANODE 3, which had approximately
21.1% of Al,Os3 in its composition, with those obtained by Wei et al. [41] for the Cey 521950,
sample without alumina, an increase of 96.7 umolg~! was observed for the anode material.
This indicates that the Al;O3 present in the anode composition can act as a thermal stabilizer,
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preventing the grain growth of the solid solution and thus favoring its activity during
SOFC operation. In relation to the solid solution of Ce5Zry50, without alumina, both
Ce(5Zrg50,/Al,03 composites from the literature [41] and those of the present work,
ZryCe1_«Y0207_5-Al;03, showed a higher OSC.

The specific surface areas of the anode materials are not presented here since the
evaluation of their reduction and oxidation behavior was performed following the real
conditions of an SOFC anode, that is, the measurements were obtained on “pellet” samples
sintered at 1500 °C. This one again indicates the reactivity of the produced anodes and their
stability regarding the thermal effect, since even with highly sintered samples, they present
an OSC favorable to the application where the CeO, is usable for the redox process. How-
ever, as shown in Figure 4 and Table 2, the total O, uptake after reduction up to 1000 °C was
similar for the three anode materials, indicating that a similar amount of oxygen vacancies
is created in these three samples upon reduction. However, the amount of hydrogen con-
sumed by ANODE 3’s surface was the lowest. This may indicate that ANODE 3’s oxygen
storage and release capacities are greater in the bulk than on the surface. As stated above
for the Raman analyses, the bulk of the anodes were involved in the reduction—oxidation
cycles due to the presence of structural defects. It is noticeable that the phases present in
each anode influenced the temperature of occurrence of their reduction peak. ANODES
1 and 2 possessed a greater concentration of the (Zrp 50Ceg.50)0.8Y0201.9 tetragonal phase
(Table 1) and also similar temperature peak occurrences and areas. Conversely, ANODE 3
presented a small displacement of its reduction peaks to higher temperatures, which may
have been related to the predominant presence of the (Zrp25Ce.75)08Y0.201.9 cubic phase,
with a higher concentration of CeO,. The Ce**/Ce3* surface and bulk reduction peaks
of ANODES 1 and 2 migrated toward lower temperatures, demonstrating that higher Zr
concentrations can promote Ce** /Ce®* reductions with lower activation energies. Thus,
it was considered that ANODE 3, with a higher CeO, concentration, stored and released
oxygen more slowly than the Zirconia-rich ANODES 1 and 2. This is in agreement with
what was reported by Balducci et al. [42], who demonstrated that a Zirconia insertion
can promote the reduction in bulk Ce** with a lower activation energy. It may mean that
while materials with higher Cerium levels can store and release more oxygen, they do
so more slowly than Zirconia-rich materials, which release smaller oxygen amounts but
do so more quickly [43]. Although the total amount of hydrogen consumed and oxygen
absorbed by the ANODE 3 material was the lowest, it was the one that presented the
highest electrochemical performance, as is demonstrated in Section 2.5. It can indicate that
the smallest amount of hydrogen consumed by this multifunctional anode is only on the
surface, which may be due to the small amount of the amorphous phase presented on
the surface of this sample. It suggests that a further reduction of bulk Ce*" will have a
greater influence on its application as a SOFC anode. When the SOFC anode is under a
reducing atmosphere at high temperatures, higher fuel consumption will result from the
greater availability of free oxygen in the bulk lattice. Under electric load, this effect can be
increased, and thus oxygen from the bulk lattice will migrate to the surface. Consequently,
more oxygen vacancies will be formed and will diffuse in the opposite direction, spreading
themselves inside the crystal. It was shown that the incorporation of ZrO, into a solid
solution with CeO, strongly promotes the bulk reduction of an anode’s solid solutions
with both phases in comparison to a solid solution with only the tetragonal phase, which
confirms the structural dependence of both reduction and oxidation processes. This may
favor the diffusion of oxygen ions from the SOFC electrolyte and thereby increase the fuel
cell performance since oxygen ions from the electrolyte occupy the vacancies, which thereby
balances the charge of the solid solution. In addition to that, the presence of higher fractions
of the Al,O3 phase in ANODE 3 might have positively influenced the SOFC performance,
since it increased the thermal resistance of the material and minimized particle coarsening
at high SOFC operating temperatures. The confirmation of this stability was also presented
in the electrochemical performance tests, in which the SOFC were operated at temperatures
up to 950 °C for approximately 200 h without performance degradation.
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2.4. Morphology and Microstructure Analysis after Copper Impregnation

In order to increase the carbon deposition resistance as well as the electronic conduc-
tivity of the anode, copper was introduced in the anode as described in Section 3. In the
anode structure, Cu acts as an electrical conductor inert to carbon deposition while the solid
solution Zr,Ce1_Y(20;_s enhances the performance the electrocatalyst for fuel oxidation
and also assists in charge transfer at the interface. Figure 5 shows the micrographs obtained
via SEM with the EDS mapping of ANODE 3 (it is shown here only for ANODE 3, since
the microstructures of the three anodes did not show significant differences).

Alz0s
@ CuO or Copper
® Zr,Ce1xY02025

: 5:4.31 :\('.’ It

> ¥
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€h2 WAG: 3000%" HVEZ0 kv WO 44 §rm)
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Figure 5. SEM micrographs for ANODE 1, featuring its (a) surface and (b) cross section before SOFC’s
operation, as well as its (c) surface and (d) cross section after SOFC’s operation.

On the left-hand side of Figure 5, it is possible to observe the microstructures of (a)
the surface and (b) the cross section obtained prior to the SOFC’s operation. While on the
right-hand side of Figure 5, the microstructures of (c) the surface and (d) the cross section
after the SOFC’s operation under hydrogen and ethanol atmospheres, subsequently, may
be observed. It is possible to observe from the micrographs that no carbon species were
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deposited either on the surface or in the anodes’ volume after the cells” operation under
an ethanol atmosphere. The carbon deposition resistance of this anode was studied in our
previous work [44], where it was shown that there was no evidence of carbon formation
for the anode operated at 750 °C, and it even retained its copper-like color. However,
very little carbon deposition was observed for the anode operated at 950 °C, where it was
shown that a thin carbon film was deposited on the anode’s surface. In this case, the carbon
film is easily removed by scratching the anode’s surface to show the same appearance
as shown by the anode operated at 750 °C, without compromising the microstructure of
the anode. As shown in the micrographs after the fuel cells operation, many rounded Cu
agglomerations could be found around the pores of the anodes, which was not surprising
considering the high sintering susceptibility of Cu at high temperatures. Li et al. [45]
reported a similar copper particle growth when producing a Cu-YSZ anode. According to
them, the electrical conductivity analysis of this anode decreased drastically in the first 4 h
under a hydrogen atmosphere at 700 °C. It was concluded that the Cu conductivity path
was formed via connections between isolated islands through weak necks when subjected
to high temperatures; some weak necks started to break up, leading to a drastic electrical
conductivity reduction [45]. However, this was not consistent with the performances of the
fuel cells herein presented since they were operated for about 200 h without observable
degradation of the electrical conductivity.

One possible explanation for understanding the present results is shown in Figure 6,
wherein the anodes’ porosity was analyzed, as well as the copper particle size. The micro-
graphs in Figure 6a,b were analyzed using the image analysis tool Metallographica to assess
the porosity levels of the anodes before and after the SOFC operation. In Figure 6a, the
anode surface is seen in magnification (1000x) and the porosity, classified as orange, is esti-
mated to be 30.2%, whereas in Figure 6b, the porosity level measured at the anode surface
is 25.3%. The infiltrated copper oxide particle presented a size range from 1 to 5.34 pum that
was poorly distributed in aggregates, forming isolated islands, as shown in Figure 6¢, which
may suggest that the interfacial energy between CuO and ZryCej_4Y(207_5-Aly O3 is rel-
atively high, resulting in particle agglomeration during manufacturing processes. These
agglomerates increased in size (a range from 1-7.9 pm), Figure 6d, after their reduction to
metallic copper, which occurred during the SOFC operation at high temperatures.

However, the anode porosity level after the fuel cell operation was slightly lower than
the desirable one reported in the literature. According to Tiwari et al. [46], an anode porosity
of 30-40% provides better percolation for the gas phase into the reaction sites. However,
as we can see in Figure 5d, the cell’s cross section morphology suggests that the anode
porosity was well kept throughout the electrodes’ bulk. It was then concluded that despite
copper’s low thermal stability at high temperatures, the copper particle growth was not
enough to compromise the porosity of the anode and prevent its operation. Furthermore,
as will be seen from the electrochemical performance results in Section 2.5, the cells” V-1
curves showed that the performance increased appreciably with temperature, showing
once again that copper coarsening was not enough to cause high resistance to the SOFC
operation.

Therefore, it is reasonable to suggest that the Cu conductive path is also formed
by weak connections between the separate islands, since it is possible to observe copper
agglomerates throughout the anodes. Thus, considering that the porosity has not been
highly compromised by copper coarsening in the anodes’” microstructures and the poor
contact between the copper particles, we can infer that the conductive paths in the anode
microstructure were mainly formed by the solid solution in its reduced state. This was
evident due to the better distribution of the solid solution phases in the anodes” microstruc-
ture from the surface to the triple phase boundaries (TPB) regions. This occurred because
during the fuel cell operation under a hydrogen or ethanol atmosphere, the CeO, from the
solid solution could be reduced and form large oxygen vacancies, further resulting in the
significant enhancement of electronic conduction in addition to oxygen ion conductivity.
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Figure 6. Scanning Electron Micrographs revealing surface and its classification at 1000 x magnifi-
cation: (a) anode before SOFC operation and (b) anode after SOFC operation. Anode particle size
distribution: (c) anode before SOFC operation and (d) anode after SOFC operation.

It is worth mentioning that a better dispersion of copper must be studied in order
to really prove its contribution throughout the anode’s microstructure. By analyzing the
micrographs of the anodes after operation, it is not possible to observe any evidence of
cracks either in the microstructure or at the interfaces, as well as the grains’ coarsening of the
solid solution in relation to the samples before the SOFC operation, Figure 3. The absence
of mechanical deformations after the SOFC operation for 200 h seems to be correlated with
the Al,O3 phase present in the anodes’ microstructures.

2.5. SOFC'’s Electrochemical Performance

Based on the principle that the carrier electrons dominate the electronic conductivity
in solid solutions, their concentration is increased by the reduction of tetravalent Cerium
ions to trivalent ones [27]. In this sense, the concentration of Ce3* gives information
related to the electronic concentration, because the electric properties are composition
dependent. Yokokawa et al. [27] demonstrated that the electron conductivity increases
with the addition of CeO; in the Zr,Cej_, Y 20,_5 solid solutions and also that the surface
exchange reaction rate increases. Dong et al. [47] demonstrated that due to the increase
in the rate of oxygen vacancy migration, the electrical conductivity increases with an
increasing temperature. This was confirmed in this work through the electrochemical
performance of ANODES 1, 2 and 3. In this case, the bulk oxygen vacancies, which
were created by the reduction of the solid solution, directly participated in the SOFC
electrochemical process. Figure 7 presents the potential and power density versus current
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density curves for the SOFC composed of the anodes herein studied with the different
stoichiometries of the solid solution ZryCej_4Y20,_s. It is worth mentioning that, as the
three SOFC were composed of the same amount of copper (see Section 3), their different
electrochemical performance was directly related to the solid solution phase. It was clearly
observed that the electrochemical performance of the SOFC increased with an increasing
temperature, showing once again that the coarsening of the copper particles did not
directly influence this performance. This result also confirms that the thermal stability
of the solid solution was favored by the alumina phase, otherwise the best performance
would be at lower temperatures where this effect would be reduced. ANODE 2, with a
greater percentage of 8YSZ in the functional layer 1 with respect to ANODE 1, presented
a slightly higher electrochemical performance, which may have been related to a better
anode/electrolyte interface contact, favoring ionic diffusion. Preparing the functional layer
2 in ANODE 3 with a 100% Ceria-alumina precursor against 50% in ANODES 1 and 2 led
to a higher concentration of (Zry25Ceq 75)0.8Y0.201.9, cubic phase, and resulted in a higher
electrochemical performance. This result shows compliance with the arguments presented
about the solid solution ability to reduce and store oxygen, since for the three anodes
studied when in operation under a reducing atmosphere, the Ce** from the solid solution
will be reduced to Ce3* since the insertion of Zirconia in the Cerium lattice induces the
formation of defective sites in the surface and bulk, producing electrons. For ANODE 3,
which also has a cubic phase, these defects are more pronounced in the bulk. It favors its
performance in the SOFC operation atmosphere since the mobility of oxygen in the bulk is
strongly appreciative for allowing the entire area of the anode material to participate in the
redox process.

As expected, better results were obtained for SOFC operating with direct hydrogen,
reaching a maximum power density of 455 mW /cm?, compared to 261 mW /cm? obtained
for the direct utilization of ethanol at 950 °C in the SOFC possessing ANODE 3. It can be
related to the heavier ethanol molecules, the presence of the products obtained from the
fuel’s thermal and electrochemical decomposition and the partial oxidation of the fuel, for
which the resultant molecules induce slower fuel gas diffusion, increasing the concentration
polarization. As already mentioned, the electrochemical performance results presented
for all the temperatures were obtained after 200 h of operation. To be able to evaluate and
compare the performance during this time, the SOFC were kept at a constant potential
of 0.5 V. The data were monitored and collected approximately every 48 h until reaching
the specified operation time of 200 h. During monitoring, for each temperature, there was
no significant change in the performance and a power density variation of approximately
3.0 mW/cm? was observed, as shown in Figure 8a,b (it is shown here only for ANODE 2,
since the results of the three anodes did not show significant differences). However, as the
temperature increased, the electrochemical performance also increased; this occurred for
the SOFC operated with hydrogen as well as for those operated with ethanol. These data
once again confirm the thermal stability of the studied anodes. It is worth emphasizing
that the magnitudes of the power densities measured and presented in Figures 7 and 8a,b
were strongly dependent on the fact that electrolyte-supported SOFC cells were used with
a rather thick electrolyte. This means that with both hydrogen or ethanol as fuels, these
power densities would unveil magnitudes of a much higher value if the anode-supported
SOFC cells were to be utilized, bearing rather thinner electrolytes.
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Figure 7. Potential and power density curves as a function of current density for the SOFC (a) ANODE
1/YSZ/LSM; (b) ANODE 2/YSZ/LSM; and (c) ANODE 3/YSZ/LSM, operated with hydrogen (left)
or ethanol (right) at the different temperatures indicated.
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Figure 8. Power density obtained during the 200 h of operation of the SOFC (a) with hydrogen as
fuel and (b) with ethanol as fuel. (c) Effluents from the electrochemical reaction of ethanol at 750, 850
and 950 °C.

A significant portion of the ethanol that feeds the SOFC anode is thermally decom-
posed in its path in the anode channel. It depends on the pressure, temperature, resi-
dence time and feed gas composition. According to theoretical and experimental studies,
in SOFC anode conditions at temperatures > 750 °C, most ethanol is thermally decom-
posed [2,19,44,48,49]. As a result, the electrochemical reactions that occur in the reactional
triple region in the presence of ethanol, hydrogen, ethylene, carbon monoxide and methane
among other products [2,19,44,48-51] would certainly influence the thermodynamics of
Nernst’s potential. These products are surely less efficient for electron release to the main
current flux than using hydrogen that is readily oxidized by the SOFC anode. Therefore,
the electrochemical oxidation of ethanol and its products can be described in terms of their
elementary steps. Ethanol decomposition inside a solid oxide fuel cell at high temperatures
is a subject that was also presented in our previous paper [44,48]. However, to comple-
ment this study, effluents from the electrochemical reactions of SOFC directly fed with
pure ethanol at 750, 850 and 950 °C were then analyzed at the maximum power density
through gas chromatography, as shown in Figure 8c. It was observed that at all the SOFC
operating temperatures, ethanol was completely decomposed into CHy, Hy, CoHy, CoHg,
CO and CO,. The presence of water was observed in the system, but it was not possible
to be quantified. With the increase in the operating temperature and power density of the
SOFC, there was an increase in the concentration of CHy, CO; and CO. Although a slight
reduction in the concentration of C;H, and C,Hg was observed, significant amounts of
these hydrocarbons remained until the highest operating temperature of 950 °C.

A deeper interpretation of the results herein obtained was achieved by analyzing
the redox behavior during the SOFC operation and explaining it through a schematic
representation shown in Figure 9a,b, and the theoretical physical-chemical mechanism is
as follows.
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Figure 9. Schematic representation of the multifunctional SOFC anode showing the electrochemical
reactions of effluent gases from ethanol decomposition: (a) hydrogen and carbon monoxide adsorp-
tion and electrochemical reaction in the anode solid solution, (b) redox process of solid solution
during the SOFC operation.

The thermal decomposition of ethanol is most likely to produce high concentrations of
hydrogen and CO [2,19,49] that become the main products consumed by the electrochemical
reactions at the SOFC anode. An increased concentration of hydrogen and carbon monoxide
will facilitate electrochemical oxidation. For instance, the hydrogen chemisorbed (Hx) in
such a catalytic free site (*) of the anode reacts with oxygen ions to form water and electrons,
as shown by Equations (1)-(3):

Hy, + 2% = 2Hx (1)
2Hx 4+ 0%~ = HyO + 2% +2¢ 2)
Hy + 0% = HyO+2¢~, AH® = —242 kJ-mol ! @)

Similarly, the oxidation reactions of carbon monoxide at the anode—electrolyte triple
phase boundaries are given by Equations (4)—(6), through which the CO chemisorbed (COx)
in such a catalytic free site (x) of the anode reacts with oxygen ions (O72) to form CO, and
electrons:

CO + * = CO% 4)
CO*+0% = COyp+2¢~ (5)
CO+ 0> =CO, +2¢7, AH® = —283 kJ-mol ! (6)

This process takes place on the solid solution of Zr,Ce;_,Y(20;_5 that is efficient for
oxygen storage and release. Figure 9b presents a schematic of this solid solution reaction
as a reversible process. To ensure the charge neutrality in the solid solution lattice when
Ce** is reduced to Ce®* in the SOFC atmosphere, oxygen vacancies (V0) are formed [52].
In the anode solid solution, this reversible process on the Ceria lattice site is represented by
Equation (7) [52]:

2Ce™ + 0% =2Ce™ + Vo + %Oz 7)

Thus, when an oxygen vacancy is formed, two free electrons are produced; once they
are at the lattice site, these electrons will react with two Ce** ions that will be reduced to
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Ce3* ions [52]. In the anode operation condition, oxygen ions from the electrolyte occupy
the vacancies, balancing the charge of the solid solution. This is a very important way to
improve the mixed ionic—electronic properties of the solid solution considering that the
SOFC operation atmosphere leads to CeO, chemical defects in the lattice bulk and at its
surface. This process can be considered as a doping procedure due to the substitution of
Ce** by Ce3*.

In this condition, hydrogen and carbon monoxide react with oxygen ions, forming
steam and carbon dioxide and leaving four electrons behind. If ethanol only eventually
pyrolyzes partially, a certain amount of pure ethanol will be directly oxidized at the anode,
Equation (8):

CyH50H + 60~ = 2C0O, 4+ 3H,O +12¢~, AH® = —1.367 kJ-mol ! (8)

The presence of H,O and CO, at the anode compartment may also facilitate fuel
reforming paths, such as Equation (9):

CoHs50H + H,O = 2CO + 4H,, AH° = 343 kJ-mol ! ©9)

In this case, the water gas shift (WGS) reaction has to be considered, Equation (10), to
result in more CO, and Hj; carbon formation and reactions for its removal may also take
place [53]:

CO + HyO = Hy + COp, AH® = —283+242 = —41 kJ-mol (10)

In addition to these reactions, methane, activated by chemisorption on the anode
surface, is also oxidized, Equation (11):

CH, +40%~ = 2H,0 + CO, +8¢~, AH° = —802 kJ-mol ™" (11)

The occurrence of ethylene and ethane can also take place at the SOFC anode, as
shown in Equations (12) and (13), considering the total oxidation, as was discussed in our
previous work [48]:

CoHy +60% =2CO, +2H,0 + 12¢~ (12)

CoHg + 7/20%~ = 2C0O, + 3H,0 + 7e~ (13)

3. Materials and Methods
3.1. Anode Concept

The anode concept is schematically shown in Figure 10. As indicated in Figure 10a,
the base anode was composed solely of the solid solution ZrxCe;_«Y(20,_s, in which case
particle growth may have occurred due to thermal degradation when subjected to high
temperatures, thus reducing its specific area. Accordingly, in order to increase the SOFC’s
efficiency, we hindered the anode deactivation by the particles’ coarsening, and three new
anode compositions were developed with the addition of the more thermally stable Al,O3
phase, since alumina is heat resistant. These arrangements yielded anodes with different
compositions of solid solution phases. ANODES 1 and 2 presented the tetragonal phase
(Zro50Ce0.50)0.8Y0.201.9 apart from Al,O3, while ANODE 3 was additionally composed
of (Zrp25Cep.75)0.8Y0.201.9, cubic phase, as shown schematically in Figure 10b,c. Due to
its features, alumina was also selected as a copper particle size growth inhibitor during
SOFC operation in the present anode conception. Figure 10b,c present a slightly higher
coarsening inhibition effect for ANODE 3, while Figure 10c presents a higher concentration
of alumina in its composition.



Catalysts 2023, 13, 134

19 of 25

(a) ANODE
ZrCe,, Y205

Electrolyte

®

Thermal Ageing

(b) ANODES 1 and 2 (c)

ANODE 3
(Zry 25C€4 75)0.5 Y0201 g Cubic +

(Zro 50090 50,03YU 201 9TEtragonaUN203 Zfo 5009050)0 gYu 201 g TetragonaIIAI203

5 >

No No
Electrolyte coarsening Electrolyte Electrolyte coarsening Electrolyte
v v
Copper Particles in Imprenation by Copper Particles in Imprenation by
Anodes 1 and 2 after Cu nitrate solution Anode 3 after Cu nitrate solution
SOFC operation v SOFC operation

Electrolyte

& Zr,Ce, Y0,
5

Electrolyte Electrolyte Electrolyte Electrolyte

i ALO; @ Copper @ Copper @ AlLO,

Figure 10. Alumina’s effect on SOFC anode’s microstructures. (a) Particle growth of
ZryCe1_xY20,_s, solid solution; (b) Al,O3 inhibits ZryCe_ Y2055 particle growth, ANODES 1
and 2; (c) ANODE 3.

The first attempt to achieve the solid solution thermal stabilization was the production
of the nanostructured electrocatalyst CeO;,-Al,O3 [26]. However, as has been described
in our previous work [26], an SOFC anode made with such a material presents a very
particular redox behavior. The original anode phases CeO, and Al,O3 under an oxidizing
atmosphere at a low temperature were kept as separated phases. When they were submitted
to a reducing environment at the SOFC high operating temperatures, they reacted and were
reduced to the CeAlO; perovskite. This phase transformation mechanism is reversible,
since the CeAlOj3 perovskite is the origin of the same original phases, CeO, and Al;O3,
when taken to the low temperature oxidizing atmosphere condition. It looks interesting
and is similar to what happens with the nickel oxide cermet that reduces to metallic nickel
at high temperatures under a reducing atmosphere to present its desired electrocatalytic
behavior, and it oxidizes back to nickel oxide at low temperatures under an oxidizing
atmosphere, reproducing the nickel oxide yttria stabilized zirconia, YSZ, cermet that
originally constituted the SOFC anodes. However, as CeAlO3 perovskite, CeO, is no
longer present and able to perform its redox reaction, Ce** «+» Ce%*, which impairs the
charge transfer for the necessary SOFC anode electrochemical reaction, which eventually
inactivates the SOFC anode. The challenge faced involves avoiding the occurrence of
the CeO;-Al,O3 reaction at high temperatures under the reducing atmosphere of the
SOFC operation condition to produce the CeAlO; perovskite. A solution was achieved
by previously mixing the nanostructured electrocatalyst CeO,-Al,O3 with the electrolyte
material, 8YSZ, and ceramic processing such a powder to produce ceramic suspensions
that were sintered to the SOFC anode. When the CeO,-Al,03-8YSZ mixture is sintered, the
solid solution ZryCej_»Y020,_s is formed, and alumina crystallizes separately and acts as
a solid solution stabilizer, therefore avoiding the formation of the CeAlOs perovskite. The
Ce0O;-Al,03-8YSZ mixture presents reversible redox reactions with the formation of the
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solid solution ZryCe;_«Y(20;,_s and dispersed Al,O3. Details of this process are shown in
Section 3.2 an in a patent of ours [54].

As a matter of fact, the reaction between CeO, and 8YSZ is more facilitated consid-
ering, for example, the smaller cation radius of AI** (0.059 nm) compared to those of
Zr** (0.084 nm) and Ce** (0.097 nm). These alumina properties have been previously re-
ported [55,56], where the diffusion barrier concept was demonstrated through introducing
Al,Os3 into the CeO,-ZrO, solid solution on a nanometer scale. This is certainly not our
case, since the anodes are sintered at 1500 °C. Our goal is to avoid mechanical deformations
during the redox process and the consequent delamination of the electrodes due to solid
solution coarsening and structural changes that seem to be correlated with the intrinsic
expansion of the solid solution lattice when Ce**, which has a smaller radius, is reduced to
Ce3*, with a greater ionic radius (0.1039 nm). Thus, in this new anode concept, the solid
solution ZryCe1_,Y020,_5 contributes to the fuel oxidation and to the mixed conduction;
additionally, copper also acts as an electrical conductor inert to carbon deposition, and
Al O3 contributes to prevent the coarsening and densification of the solid solution’s par-
ticles during sintering and the anodes operation, as well as cracks in the anodes and/or
anode/electrolyte interfaces during redox cycles. This is extremely important to develop a
robust anode with a long lifetime, keeping the desired electrochemical activity.

3.2. Cells Fabrication

In order to study the functionality of anodes based on Cu-(ZrxCej_xY02072_5-Al,O3)
composition, three single SOFC types were produced, in which each anode had two differ-
ent functional layers, as shown in Table 3. The experimental procedure used for the pro-
duction of single cells is shown schematically in Figure 11. These functional layers” compo-
sitions were designed in order to allow for the solid solution formation, ZryCej_«Y(202_s,
promoting the mixing of the precursors CeO,-AlO3; and 8YSZ catalyst powders during
ceramic processing and their interdiffusion during the anodes’ sintering. For this devel-
opment, three ceramic suspensions with different compositions were obtained from the
following precursors: 8YSZ catalyst powder from TOSOH Corporation; nanostructures
ceramic electrocatalyst powder, CeO,-Al,O3, synthesized through the amorphous citrates’
method [26]; pore former, cornstarch, from Sigma-Aldrich; and a terpineol-based vehicle
from Fuel cell Materials.

Table 3. SOFC anodes functional layers precursors and the nomenclature used.

Anode Functional Layer 1 Functional Layer 2
8YSZ Ce0,-Al,03 Cornstarch 8YSZ Ce0,-Al,03 Cornstarch
(wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
ANODE 1 50 50 20 50 50 20
ANODE 2 70 30 20 50 50 20
ANODE 3 70 30 20 0 100 20

Each composition, shown in Table 3, was processed in a planetary ball mill for 6 h
at 200 rpm. After the ceramic suspensions production, the anodes were screen printed
over an 8YSZ button-type electrolyte support with 20 mm in diameter and an approximate
thickness of 170 um.

Initially, the ceramic suspension of functional layer 1 (8YSZ-richer layer) was deposited
and heat treated at 1000 °C for one hour. Subsequently, the ceramic suspension of functional
layer 2 (CeO,-Al,O3-rich layer) was deposited and the ensemble was sintered at 1500 °C
for three hours. After that, over the other electrolyte side, the ceramic suspension of the
lanthanum Strontium-doped Manganite, Lag gSrp,MnQOj3, (LSM) cathode from Fuel cell
Materials was screen printed and sintered at 1100 °C for two hours. The active area of both
electrodes was 0.5 cm? with a thickness of approximately 50 pm. An aqueous solution of
(Cu (NOs3);,.3H,0) was produced and cautiously dropped onto the anodes porous surfaces
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in order to attain 20 wt.% of Cu inside the Cu-(ZryCej_«Y(20,_5-Al,O3) system. This
concentration was obtained after seven impregnation steps. After each impregnation, the
anodes were dried at 450 °C for 30 min. Copper oxide was reduced to metallic copper
during the SOFC activation for two hours under a hydrogen atmosphere. The production
delivered 3 cells named ANODE 1, ANODE 2 and ANODE 3. Platinum wires and mesh
were inserted on the anode side, and gold wires and mesh were added to the cathode side
to serve as current collectors.
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Figure 11. Schematic diagram of single cells production process.

3.3. Characterization Techniques and Performance Test

The analysis of the possible relations between anode precursor oxides is highly inter-
esting, since their real properties arise from these interactions. Thus, X-ray diffraction and
Raman spectroscopy were performed on the multifunctional anodes before copper impreg-
nation in order to obtain information about the actual phases and structural analyses of the
anodes constituents’ elements. The multifunctional anodes were characterized by X-ray
diffraction (XRD) using an XRD-6000 diffractometer, from Shimadzu Corporation, Tokyo,
Japan, with a Cu Ko = 0.1506 nm radiation source, varying 20 from 10° to 90°, so that peaks
corresponding to the solid solution, ZryCej_«Y020,_s, and Al,O3 could be contemplated.
The peak diffraction identification was performed via comparison using the ICSD stan-
dards files (Inorganic Crystal Structure Database). In addition to these analyses, a Rietveld
refinement was performed. Through this analysis, it was possible to obtain additional
information regarding the crystallite size, phase quantification and interatomic distance
between the oxide and metal in the solid solution. For this refinement, a pseudo-Voigt
profile was fitted, and it was assisted by the FullProf Suite©software, version 2018. Raman
spectroscopies of the multifunctional anodes’ surface were performed using WITEC Raman
Sensitivity equipment, model alpha 300, from Oxford instruments, Germany. Analyses
were performed at room temperature. A monochromatic light beam with A = 785 nm, in the
ultraviolet range, was used, while the exciting laser light was around 1 mW. The samples
were scanned from 0 to 1800 cm ™! within a 20 s acquisition time.
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The oxygen storage capacity (OSC) properties of the multifunctional anode employed
in this work were investigated using Temperature programmed reduction (TPR) and
O;-temperature programmed desorption (TPD) using, Quantachrome ChemBet Pulsar
TPR/TPD Automated Chemisorption Analysis equipment, from Anton Paar Brazil Ltda,
Sao Paulo, Brazil. Before copper impregnation, all three anode materials were subjected to
two reduction-oxidation Ce** <+ Ce3* cycles. Before the reduction (TPR), the samples (100
mg) were cleaned in O, (5% in He) at 500 °C for 1 h. The reduction was performed with Hp
(10% in Ar, 30 mL/min) heating from room temperature to 1000 °C at a rate of 10 °C/min.
The amount of H, uptake in the reduction process was measured by a thermal conductivity
detector (TCD). The oxygen storage/release capacity of the anodes was measured on the
above reduced samples after cooling under a He atmosphere to 500 °C and then injecting
pulses of oxygen into the flow of O,-5% He mixture every 2 s until the break-through point
was attained. In such a way, the full oxidation in the bulk of the solid solution is ensured.
The OSC was expressed as mL of (O) per gram of anode material (mL (O) gfl).

Scanning Electron Microscopy (SEM) was used for the microstructural characterization
of the three different anodes prior to copper impregnation, which was performed using a
localized chemical element analysis by SEM with a TESCAN modelVEGA3 microscope,
from TESCAN Performance in nanospace, TESCAN distributor in Brazil. The chemical
composition within specific crystalline grains was investigated using Energy-Dispersive
Spectroscopy (EDS). Using the backscattered electron detector, it was possible to identify
the grains corresponding to the ZryCe;_«Y020,_5 and Al,O3 in the anodes” microstructure.
After copper impregnation, before and after the SOFC’s operation, the anodes were also
studied using Scanning Electron Microscopy in order to evaluate the dispersion, distribu-
tion and size of CuO and Cu on the surface and microstructure of the samples. Structural
analyses with the SEM were also performed using the electron backscattered diffraction. In
order to complement this analysis, a study of these images was carried out with Metallo-
graphica software, from SIM-Consulting in Technology Ltda, Brazil, making it possible to
obtain information about the distribution of pores before and after the SOFC operations, as
well as the distribution of the particle and/or agglomerates of CuO and Cu in the anodes’
microstructures.

Electrochemical tests were performed to evaluate the thermal and redox stability
and electrochemical performance of Cu-(ZrxCej_Y(207_5-Al,O3) multifunctional anodes
under an anhydrous ethanol atmosphere. For the purpose of performance comparison,
the SOFC were also operated with hydrogen. All three anodes were operated at 750, 800,
850, 900 and 950 °C for 200 h. The tests were carried out with 50 mL/min of oxygen as the
oxidizer in a cathode chamber and hydrogen or anhydrous ethanol as fuel. For tests with
50 mL/min hydrogen, the fuel was added directly to the anode chamber, while for tests
with anhydrous ethanol, the fuel was vaporized at 80 °C and carried out by a 30 mL/min
nitrogen flow to the anode chamber. The assemblies of the single SOFC in the test reactor
were made according to previously reported procedures [44,48]. The gaseous reaction
products at the anodes were analyzed during the electrochemical analysis at a potential of
0.5 V. It was performed using a gas chromatograph (Shimadzu GC-2014), from Shimadzu
Excellence in Science, Brazil, equipped with a thermal conductivity detector. The GC was
calibrated to make quantitative measurements of Hy, CHy, CO, CO,, CoHg, CoHy and
C,H50H in order to interpret the anode reactions taking place in the fuel cell.

4. Conclusions

The present research work presents an innovative alternative to conventional Ni-based
cermet SOFC anodes by proposing a science-based technological approach for the devel-
opment of Ni-free ceramic electrocatalysts. These were synthesized and processed into
actual SOFC anodes and fitted for the purpose of allowing the direct utilization of carbona-
ceous fuels without observing carbon coking and clogging but presenting the necessary
electrochemical activity to oxidize the fuel. Thorough results and analyses of the successful
direct utilization of ethanol and hydrogen as fuels were presented and exemplified for
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three different anode types, with specific characteristics that varied due to differences in the
composition and numbered from 1 to 3. Such SOFC Cu-(ZrxCej_4Y(20;,_5-Al,O3)-based
multifunctional anodes were successfully produced with an electrocatalyst composed of
CeO;-Al,03 and 8YSZ. The preparation and sintering procedures that promoted a high
degree of interaction between CeO; and 8YSZ to form ZrCej_Y(202_5-Al, O3 resulted in
the three anodes composed of active solid solutions, such as (Zrg 25Cep 75)0.8Y0.201.9 cubic
and (Zrg50Cep50)0.8 Y0201 9 tetragonal, in addition to the Al,O3 phase, which exhibited
thermal and redox stability, which is highly favorable for SOFC operation. The redox be-
havior during the SOFC operation was explained through a theoretical physical-chemical
mechanism, allowing us to draw the following specific conclusions:

I.  The activities of the solid solutions were directly related to their compositions and
structure in order to favor a greater formation of defects in the surface and bulk sites,
allowing for the oxygen ion mobility to be improved;

II.  The presence of a cubic phase, rich in Cerium, favored the best performance since it
had more Cerium available to be used for the redox process;

III.  The crystallization of the Al,O3 phase in separate grains prevented its reaction with
Ce0,, avoiding the formation of the undesired perovskite CeAlO; phase. In the
anode’s microstructure, the Al;O3 phase acted against thermal degradation, avoiding
the coarsening of the solid solution and increasing the thermal and redox stability of
the solid solution;

IV.  The presence of alumina prevented a strong deactivation of the OSC properties even
after sintering at 1500 °C, favoring the redox process of Ceria in a solid solution at
high temperatures.

5. Patents

The work reported in this manuscript makes use of developments previously pre-
sented in the following patent: PE.V. de Miranda, S.A. Venancio, H.V. de Miranda, “Method
for the direct oxidation and/or internal reforming of ethanol, solid oxide fuel cell for direct
oxidation and/or internal reforming of ethanol, catalyst and multifunctional electrocatalytic
anode for direct oxidation and/or internal reforming of ethanol”. US Patent 9,431,663 B2,
30 August 2016.
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