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A hydrothermal route was used to synthesize gaidetioped ceria
with highly dispersed Ni particles. The microstwrel and
electrical properties of the cermet revealed that attained
percolation at relatively low volume fraction. Tbermet was used
as a catalytic layer deposited onto the standatblaNed anode and
allowed for the stable operation under ethanol. éNalence of
carbon deposits was identified after 50 hours ohtiooous
operation under dry ethanol. Such a result wasbatad to both
the catalytic properties of the ceria layer and thgeration
mechanism of gradual internal reforming.

Introduction

Solid oxide fuel cells (SOFC) have unique advardagiech as high efficiency and fuel
flexibility (1-3). The dissemination of fuel celbn be greatly boosted if readily available
fuels (hydrocarbons or alcohols) can be fed diye¢t the SOFC, bypassing the
inconveniences associated with the productionagtrand distribution of hydrogen. The
conversion of such alternative fuels at the anode be promoted due to the,H

consumption by the electrochemical reaction, legadinhigh conversions and efficiency
(1,4,5). Bio-ethanol is an attractive renewablel that can be obtained from different
biomasses (such as sugar cane, corn, and agradulasidues), with a well-established
infrastructure for both production and distributisnsome countries such as USA and
Brazil. The main idea is the use of a viable bibfiee the efficient and clean energy
production, which does not contribute to ££nmissions, using SOFC.

The NI/YSZ cermet is the typical anode of SOFC ays (6-8). Ni provides
electronic conductivity, while YSZ provides the iorwonductivity and thermal stability.
Usually, a high Ni content (at least 30 vol. %)nscessary in order to exceed the
percolation threshold for electronic conductivityowever, since Ni is very active to
reforming as well as cracking reactions, such & higlume fraction favors carbon
deposits when hydrocarbons or bio-ethanol are dsedtly as the fuel in standard SOFC.
The carbon deposits on metal sites of anodes tiegih the rapid degradation of the cell
performance (6,7). A significant carbon depositi@s been detected on Ni/YSZ anodes
of SOFC containing high Ni loading and operatingedily on pure ethanol (1). Therefore,
the development of anodes for SOFC running on ethtrat exhibit high catalytic
activity to ethanol conversion, high stability arabequate ionic and electronic
conductivity at working conditions is still a cherige.
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Some strategies have been proposed for suppresaibgn deposition over SOFC
anodes such as: (i) the addition of water and/grtdthe fuel; (ii) the use of redox
supports, such as ceria based oxide as the cepdmase of the anodes; (iii) the decrease
of Ni content (9-14). However, it is has been shdthet the use of high steam/ethanol
ratios decreases the electrical efficiency of tk#S system. On the other hand, ceria-
based materials are promising substitutes for miecbased anodes. Due to mixed ionic
and electronic conductivity and high oxygen storagpacity ceria-based oxides exhibit
high resistance to carbon deposition (15,16). Iditewh, an interesting strategy for
reducing carbon deposition is to decrease the Miert. The decrease of the metal
fraction leads to the formation of smaller crystalkizes, which are more resistant for
carbon formation (17). However, cermets with metaitent below 30 vol. % need high
dispersion of metallic nanoparticles to achievedgperformance (18,19).

In this context, the aim of the present study isnt@stigate Ni/Ce@10 mol% GdO3
(Ni/CeGd) anodes with relatively low nickel contdat bio-ethanol fueled SOFC. The
Ni/CeGd SOFC anodes were prepared by a hydrothemwthod and the general
properties were characterized aiming at the dewedop of carbon resistant anodes for
direct ethanol SOFC.

Experimental

Gadolinium-doped ceria, CeQ0 mol% GdO; (CeGd), support was synthesized by
a hydrothermal method previously described (18).afjneous solution of cerium (IV)
ammonium nitrate and gadolinium nitrate was prepavith a Gd/Ce molar ratio of 1/9.
Then, cerium and gadolinium hydroxides were co-preted by the addition of excess
of ammonium hydroxide. The precipitate was tramsfiito an autoclave and heated to
453 K for 4 h. The precipitate was washed withikiigst water and calcined at 573 K for
2 h. Ni was added to Gd/Ce support by wet impragnaising an aqueous solution of
Ni(NO3).6H,0O. The resulting powder was dried at 393 K andicattat 1473 K for 5 h.
Samples with Ni content in the 18 to 44 wt.% ramvgere prepared following this
procedure. In the present study, focus has beengdiv the sample with 18 wt.% of Ni
(18 Ni/CeGd).

The synthesized materials were characterized byyXpowder diffraction with
CuK,, radiation. Electrical resistance measurementsaofsamples (~2x1x10 mincut
from pellets sintered at 1473 K were performed gigour probes and a Lakeshore 370
resistance bridge. Measurements were performed heating/cooling at 3 K mitfrom
room temperature up to 1073 K.

The Ni/CeGd cermets were tested in electrolyte stp single cells. Dense yttria-
stabilized zirconia (YSZ) substrates (18 mm diametere used for the deposition of
standard Ni/YSZ anodes and olggSrsMnOz; (LSM) cathodes with a functional
composite YSZ/LSM layer. The electrode layers wagposited by spin-coating, using
suspensions based on terpineol and ethyl cellufdser. the deposition of each electrode,
a heat treatment for organics removal at 1073 Kfat®wved by sintering at 1673 K and
1423 K for the anode and cathode, respectively. Nil€eGd catalytic layer was
deposited onto the anode by spin coating followetidat treatment at 900 °C. Au and Pt
mesh current collectors were attached, using thesjpondent metal ink, to the surfaces
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of the anode and cathode, respectively, and cur@@78 K. The active electrode area of
single cells was 0.78 cmSamples were sealed on the tip of an alumina tibe
Aremco 552. Single cells tests were performed latihg the sample up to 850 °C under
hydrogen (3 vol.% kD). Then, the fuel cell was polarized at 0.7 V aftér stabilization

of the system the fuel was changed to dry etha3@flo) carried by N The single cell
was continuously operated while the current den@)tyat 0.7 V was monitored as a
function of the operation time. Synthetic air anel§ (H and N-carried ethanol) flow
rates were set to 50 mL minby mass flow controllers and the temperature was
monitored by a thermocouple placed close to thieockt side. Polarization measurements
were performed using a Zahner IM6 potentiostat. Sifdlyses of the fractured surfaces
of the anode were carried out after fuel cell oppenato examine possible carbon deposits.

Results and discussion

X-ray diffractograms of 18Ni/CeGd showed diffractipeaks corresponding to a
Ce dGdh 101,95 (JCPDS 75-0161) and NiO (JCPDS 24018). The resludteatment led
to the appearance of diffraction peaks attributetlit while NiO peaks were no longer
observed. Calculated crystallite sizes using tHeeB8er equation were ~40 nm and 35 nm
for CeGd and NiO, respectively. Such values wemmndoto be weakly dependent on the
Ni content, and the reduced reduction treatmentitexsin Ni crystallite size of 30 nm.
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Figure 1. X-ray diffraction patterns of calcine®) @nd reduced (B) Ni/CeGd samples.

The electrical properties of the Ni/CeGd catalystye investigated over a wide
temperature range. The temperature dependenceeotldctrical resistivityp(T) of
sintered samples in both static air and flowing #3Ar is shown in Fig. 2. Gadolinium-
doped ceria is an oxygen ion conductor with adiwvaenergy (Ea) values reported in the
0.6-1.0 eV interval, over a wide range of both temapure and oxygen partial pressure
(20). On the other hand, NiO is a p-type semicotaygvhich exhibits a discontinuity in
the Arrhenius plots at a temperature close to téel emperature (I~250°C) (21). The
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p(T) data in Fig 2a showed a clear slope change~260 °C in good agreement with
previous reports on the electrical properties dD Mbntaining composites (22,23). Both
low T (T < 250 °C) and high T (T > 250 °C) rangeerw fitted according to the
Arrhenius equation and calculated \Ealues were 0.34 eV and 0.19 eV, respectively, in
accordance with previous reports (21,24). The olesechange of slope at TyBnd the
calculated E values provide strong evidences that NiO percdlatethe CeGd matrix
and controlled the charge transport of the composit
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Figure 2. Temperature dependence of the electesativity (p) of sintered 18Ni/CeGd
in (a) static air and (b) flowing 4%HAr.

Samples were reduced ap@) data were recorded in flowing 4%fAr, as shown in
Fig 2b. The measure@(T) resembled that of Ni, with a metallic behaviand a
characteristic change of slope close to the Ceneperature (J ~350°C). However, as
compared with Ni the magnitude p{T) was shifted to higher values because of the
CeGd support. Nonetheless, such a result demosdtrdtat Ni percolated in the
composite matrix at a volume fraction of ~15 vol 8ér(esponding to 18 wt.% Ni). Such
a relatively low percolation threshold may be assted with the good connectivity of Ni
particles in the CeGd matrix, as well as with terage particle size ratio of the two
phases. (25). However, the low Ni content resuitedelatively higherp(T) when
compared to that of other Ni based cermets (23,R&vertheless, such features
demonstrate that the preparation method resultedcamposites with adequate
microstructural properties for both catalysis atettical transport.

As the electrical conductivity measurements indidathe percolation of relatively
low volume fraction of Ni, the 18Ni/CeGd sample wakled as an extra layer onto the
anode. Such a layer acts as a catalyst that centleet ethanol and avoid the direct
contact between the fuel and the Ni/YSZ anode (3@7 The current density at 0.7 V of
the single cell running on dry ethanol at 850 °Gwecorded as a function of time, as
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shown in Fig. 3. It was observed that after staétlion during the initial hours of
operation, the fuel cell exhibited remarkable digbduring the tests (~50 hours) on dry
ethanol. Such a result evidenced that Ni/CeGd ysitak stable in the operation
conditions of SOFCs, in agreement with previouslyarted catalytic studies (11).
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Figure 3. Time dependence of the electrical cardamsity at 0.7 V for the fuel cell
running on dry ethanol.

The good stability of the tested single cells ragndbn anhydrous ethanol is related to
the operation mechanism. Due to catalytic propertiethe Ni/CeGd, the studied fuel
cells operate in the gradual internal reformingethfanol. The gradual internal reforming
has been theoretically studied and experimentabynahstrated (9, 27-30). This
mechanism is based on a local coupling betweerstdan reforming of the fuel in the
catalytic layer and the hydrogen electrochemicabation, which takes place at the
anode/electrolyte triple-phase boundary. Thuswhter released by the electrochemical
oxidation of hydrogen at the anode (3) is usedHersteam reforming of the ethanol (4)
in the Ni/CeGd layer (27-30). Ideally, such a mecta can be represented by the
reactions:

Hott OF > HO + 26 [1]

CHsOH +3HO0 > 2CO+6 2]

Therefore, provided that an efficient catalyst sedi reactions [1] and [2] sustain
each other and ensure stable fuel cell operatiodrgrethanol as evidenced by the tests
shown in Fig. 3. Usually, performance degradatiole ¢b carbon formation has been
reported to be pronounced and to occur within st minutes of operation of standard
Ni-based cermets anodes fed directly with dry carbentaining fuels (27). Therefore,
fuel cell tests are in good agreement with bothdéalytic properties of the ceria layer
and the operation mechanism of gradual internakneihg (9,27-30).

To investigate possible carbon formation the anofiedested single cells were

analyzed by SEM after the operation on ethanol. Figure 4 shows cross section
images of the anode. Differently from typical imageported in which carbon deposits
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are easily detected after few hours of fuel ceéragion (31), a careful analyses showed
no visual evidence of carbon deposits in the anaglers of tested single cell. Such
results add further evidence that the gradual madereforming and the catalytic
properties of the Ni/CeGd prevent the formatiorcafbon deposits in the anode of direct
ethanol SOFCs.

cells tested on direct ethanol with catalyst laydre inset show higher magnification
images of the indicated layers

Conclusions

Ni particles were finely dispersed in co-precipgthteria-gadolinia ceramic supports.
The synthesized cermet exhibited nanometric chytgtakizes, which promoted the
percolation at relatively low volume fraction (~1®196) of the metallic phase, as
inferred from electrical resistivity measuremeni$fie cermet was used as an active
catalytic layer deposited onto the standard Ni-&ramode, an electrode configuration
that allowed the operation with dry ethanol. Theutts obtained for single fuel cell
operating under ethanol indicated that there isarbon formation on Ni/CeGd anodes.
This result was attributed to the catalytic projesrof the ceria layer and the operation
mechanism of gradual internal reforming. The presstndy showed that Ni/CeGd
catalysts containing low Ni content are promisimp@e components for direct ethanol
SOFCs.

Acknowledgments
The authors are thankful for the support of thezBiem agencies CAPES, CNPq,

FINEP, CNEN, and FAPESP.

References

1. N. Laosiripojana and S. Assabumrungdafower Sources, 163, 943 (2007).

3036



ECS Transactions, 57 (1) 3031-3037 (2013)

. C. Suna and U. Stimming, Power Sources, 171, 247 (2007).

P. Tsiakarasa and A. Deminb,Power Sources, 102, 210 (2001).

S. L. Douvartzides, F.A. Coutelieris, A.K. Demin,.EP Tsiakaras,Int. J.

Hydrogen Energy, 29, 375 (2004).

5. A. Arpornwichanop, N. Chalermpanchai, Y. Patcharaghot, S.
Assabumrungrat, M. Tadit. J. Hydrogen Energy, 34, 7780 (2009).

6. E.N. Armstrong, J. Park, N.Q. Minlglectrochem. Solid Sate Lett., 15, B75
(2012).

7. R. Muccillo, E.N.S. Muccillo, F.C. Fonseca, D.Z. Berio, J. Electrochem. Soc.,
155, B232 (2008).

8. N. Q. Minh,J. Am. Ceram. Soc., 76, 563 (1993).

9. A. Atkinson, S. Barnett, R.J. Gorte, J.T.S. Irvide]). Mcevoy, M. Mogensen,
S.C. Singhal, J. Voh§Jat. Mater., 3, 17 (2004).

10.S. Park, J.M. Vohs, R.J. Gorfdature, 404, 265 (2000).

11.B.L. Augusto, L.O.O. da Costa, F.B. Noronha, R.GIn@an, L.V. Mattos]nt. J.
Hydrogen Energy, 37, 12258 (2012).

12.S.M. de Lima, 1.O. da Cruz, G. Jacobs, B.H. David, B.V. Mattos, F.B.
NoronhaJ. Catal. 257, 356 (2008).

13.S.M. de Lima, A.M. da Silva, L.O.O. da Costa, U.Graham, G. Jacobs, B.H.
Davis, L.V. Mattos, F.B. Noronhd, Catal., 268, 268 (2009).

14.X.-F. Ye, S.R. Wang, Z.R. Wang, L. Xiong, X.F. SunL. Wen, J. Power
Sources, 177, 419 (2008).

15.B. Huang, X. Zhu, W. Hu, Y. Wang, Q. YdiPower Sources, 195, 3053 (2010).

16.R.A. Rocha and E.N.S. Muccill&eramica, 47, 219 (2001).

17.H. Song and U.S. Ozkad, Catal., 261, 66 (2009).

18.A.M. da Silva, K.R. de Souza, L.V. Mattos, G. JaxdB.H. Davis, F.B. Noronha,
Catal. Today, 164, 234 (2011).

19.J.R. Rostrup-Nielsen, J. Sehested, J. Norskdv, Catal. 47, 65 (2002).

20.V. Modafferi, G. Panzera, V. Baglio, F. Frusteri,LP Antonucci, Applied
Catalysis A, 334, 1 (2008).

21.M.W. Vernon and M.C. LovellJ. Phys. Chem. Solids, 27, 1125 (1966).

22.V. Esposito, D.Z. de Florio, F.C. Fonseca, E.N.Suchllo, R. Muccillo, E.
Traversa,). Eur. Ceram Soc., 25, 2637 (2005).

23.F.C. Fonseca, D.Z. de Florio, V. Esposito, E. Traage E.N.S. Muccillo, R.
Muccillo, J. Electrochem. Soc., 153, A354 (2006).

24.V. Biju and M.A. Khadar,J. Mater. <., 36, 5779 (2001).

25.D.S. McLachlan, M. Blaszkiewicz, R.E. NewnhamAm. Ceram. Soc., 73, 2187
(1990).

26.U.P. Muecke, S. Graf, U. Rhyner, L.J. Gauckfata Materialia, 56, 677 (2008).

27.P. Vernoux, J. Guindet, M. Kleit3, Electrochem. Soc., 145, 3487 (1998).

28.J.M. Klein, S. Georges, Y. Bultel]. Electrochem. Soc., 155, B333 (2008).

29.J.M. Klein, M. Hénault, C. Roux, Y. Bultel, S. Gges,J. Power Sources, 193,
331 (2009).

30.S.D. Nobrega, M.V. Galesco, K. Girona, D.Z. derieloM.C. Steil, S. Georges,
F.C. Fonsecal. Power Sources, 213, 156 (2012).

31.A.S. Ferlauto, D.Z. de Florio, F.C. Fonseca, V.d&s, E. Traversa, R. Muccillo,

L. O. LadeiraApplied Physics A, Materials Science & Processing, 84, 271 (2006).

Bw

3037





