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Conventional Ni cermet anosdesuffer from carbon deposition
when they aredirectly used with hydrocarbon fuetfue to the
negative effects gbyrolysis and Boudouard reactioms.this work,
the use of anonstoichiometricperovskite Lag sCey 1Nip.4Ti0.603,
as a reforming layer in reducing atmospheres led to the surface
being highly populated with homogenelyugxsolved Ni nano
particles. This catalyst layer was applietb Ni-GDC anode
supportedand ScSZ electrolyte supportedlls to prevent carbon
deposition andto stabilize operaion with dry methane. The
catalyst layer showethoth excellent attachmen the Ni-GDC
anode and resistante carbon deposition. The performancetiod
Ni-GDC anodesupportedcells with the catalyst layer wasbout
1.1 W/en? in hydrogen fuel which isimilar to that seen without
the use of a catalyst layétor theScSZ electrolyte supported |
the catalyst layer improved the power density atability when in
operation with dry methane.

Introduction

Solid oxide fuel cells (SOFCs) are one of thest promising power generation systems
because they are highly efficient, pollutitee and are able todirectly convert the
chemical energy into electrical eneri+3). The stateof-the artcommercial SOFCs
systems generallyse the hydrogen produced from hydrocarbimels by an external
reformer SOFCs have a strongdvantageof direct utilization of hydrocarbonfuel
without an external reformeHowever, the carbon depositioccurs orthe most widely
usedNi cermet anodewhich leads todeactivationand fracture othe cell or stackwhen
under severe operating condition®, 5). Neverthelessmany researchersontinue to
studySOFCs forthe direct utilization of hydrocarbon fugldue to the significant benefits
they offers. These benefiisiclude; its abundant supply, lowost and its compatibility
with a current andgvell-developed gas distribution infrastructure (g,

The alternativeanodedor Ni cermetwith a reliable metal such as ®ased metals
or oxides have recently been investigated to prevent carbon coking. Perestskitered
anode materials such asiL&rCrosMno 03 (LSCM), SLMgMoOg5, and La substituted
SrTiO;s demonstratedgood tolerance towasdcarbon coking at high current load
conditionswhere sufficient oxygen ions were providdd also showed,a comparable
performanceusing hydrogen and a high resistance to carbon deposition when using
hydrocarbon fuelg8-10). A Ce gMng sk 102-Lag 6Sho 446 dMNp 103 anode havebeen
reported to obtain ovet W/cn? with propane and butane fuels because of thigjn
catalytic activity in relation to direct hydrocarbon oxidati¢tl). However when
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methane is suppliei these anodes, the oxidaode showed lower power densitythan
that of the conventional Nbased anodéue toinsufficient electrical conductivity and
catalytic activity with respect to methan€he modified oxides are emerging up by
infiltration of various catalystssuch as Ni Pd, and Rho enhancetheir activity of
hydrocarbonfuels @2, 13). However, many problemstill remain unsolvedsuch as
carbon depositigrpoor stability by metatoarseningand pooruniformity. Recently, in-
situ exsolution of metal particles from-gite deficientoxideshas attracted attentias a
potential solutionto these problems. Theharacteristics suchs; population,size, and
compgition of exsolved nangarticles can be easilgontrolled @4, 15) Also, as the
exsolvedNi particlesare pinnedto its surfaceit can prevent theingglomerationand
carbonwire growth However, this oxide has very low electrical conductivity in
comparisonto Ni and other metalthe additionalwork arestill required for applying in
practicalSOFCs by optimization of their composition and cell configuration.

Thus, in this study, we applied the-ske deficient perovskite (CNT,
Lap sCe1Nip4Ti0603) as a catalyst layer on fdermetanode;this cell configuréon can
compensatdor the low electrical conductivity of oxide anode and carbon deposition of
Ni cermet anodeFinally, the LCNTNi-ScSZScSZ/LIM-ScSZ electrolyte supported
cells showed mucimproved durability and power dehswithout anydegradationrbm
carbon deposition when using methane fuelB@® °C. Furthermore, the.CNT/Ni-
GDC/GDC/LSCFGDC anode supported cell also showed 1.1 Wigihmaximum power
densityas high ashat of noneatalyst layeredNi-GDC cellat 650C with hydrogen.

Experimental

Synthesis of ay §Cey 1Nio.4Ti0.603

For the preparation ofLag gCey1Nio4TioeO3 by 0lid state synthesigrecursors
including oxides (LgOs, TiO,), or nitrates Ce(NG)3- 6H,0, Ni(NO3),- 6H,0) were used
in the proper stoichiometric ratios. The oxideend carbonates were dried at different
temperatures depending on the nature of the precursor and weighed while hot (300
80C°C). All the precursors were quantitativegatheredinto a bealkr and mixed with
acetone andHypermer KD1 dispersantAfter breakng of agglomerated powder by
ultrasonicatio, the powder was dried in an oveérhen, the contentsf the beakewas
moved into a crucible and calcined at 1000 °C for 12 h in order to decompose the
carbonates, water and start the nucleation of the peteysaseAfter calcination the
powder was milled for 1.5 h in a planetary ball mill at ~200 ggain, angressed into
dense pellets and fired for IRat 1450 °CThe sintered pellets were crushed and-ball
milled for 1 hat 1100 rpm.

Fabrication oSingle GlIs

The electrolyte supported and anode supposiedle cells were employed to
measure their electrocheal activity with hydrogen and methane feieThe ScSZ
powder was pressed into pellets and fired in air at A506r another 12 ho obtaina
dense supporiThe screen printing inks were prepared by using planetary ball milling in
LSM-ScSZ/NiGScSZ anda-terpineol with 10 wt% of Hypermer KD1 dispersant
(Unigema). After this step, the slurry was added to an ink vehicle, consisting of 15 wt%
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PVB (polyvinyl butyral, Butvar, Sigm&ldrich) in o-terpineoland mixed againThe
LSM-ScSZ and NiG5cSZ inks were scregirinted onto each side of a dense ScSZ

support (30Qum) with thickness of 3@m and fired at 120 for 3 h Then LCNT catalyst

layer sceen printed on NiO-ScSZ anode and fied100°C for 3 h. In these button cells,
both anode and cathode had a surface ar@sai. Anode supported cells consisting
of Ni-GDC/GDC/ILSCFGDC were fabricated for electrochemical characterisation. The
Ni-GDC (10 wt% of carbon black) anode supports were fabricated byaxiahipressing
mettod and burrout at 11560C for 3 h. GDC electrolyte was deposited by-diating
method and sintering at 13%Dfor 3 h After LSCT layer formedon Ni-GDC, the LSCF
GDC cathodes (LSCF:GDC = 5D wt%)screen printed andrgered at 1006C for 2 h.

SOFC Cell Test

The performancesf the electrolyte supportedells were analyzed &®C in H,
(50 ccmin® at standard ambient temperatarel pressure) or dry methars ccmin™* at
standard ambient temperature and pressure) without any balanced gas at thedcaawde an
(500 ccmift at standard ambient temperature and pressure) at the caftedanode
supported cells were evaluated at € H,. The FV curve durabilty and impedance
datawere measured usirgetween 19Hz and 0.1 Hz were recorded using an IM6 and
ZENNIUM workstation (ZahneElektrik GmbH & Co.KG, Germany).

Results and Discussion

Ni on the anodeenables methangas to directly reformto syngas suct as
hydrogen, carbon monoxide and carbon dioxidée syngas further undergoes
electrochemical reaoin with oxygen ionswhich are trasported from the cathode to
three phase boundaries (TPBspabde through the electrolyte under load conditions.

In an ideal reactiorfequation 1), direct electrochemical oxidation of methane without its
chemical cracking, methane directly can be oxidized by lattice oxygen ions from the
mixed conductor like as doped ceria oxide. Howeiteg required tocarefully contol

the current flow and gas flow rate to minimize the carbon deposition. The ideabreacti
exists within the three phaséoundaryat theinner anode, not ithe outer anode where
oxygen ions cannot reach.

CHy + 40" — CO, + 2H,0 + 86 [1]

In theouterof Ni anodesupport the pyrolysis reaction (equation 2) mainly occurs
and suffers carbon deposition due to lack of oxygen ions.

CHs— C + 2H 2]

With the Ni exsolutegtatalyst layer foreforming of methanethe anode support
can be protected from carbon depositiG@arbon growth and depositiomer Ni has been
extensively researchedeposition of a carbon source onto the metal surface, dissolution
of the carbon into the bulk of the mietend finallyprecipitationof carbonas a fiber at the
metal particle.But in this research, the exsoluted Ni particles pinnedhenbackbone
oxide preverd the mechanism of carbaggrowth Also, through this layer, produces
more hydrogen which is Iesnoleculamveightand faster reaction kinetic than of methane.
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As shown in Figure 1(a), CO ang Bre reformed at the catalyst layer electrochemical
reaction with oxygen ions at TPBs as equation 2 and 3.

H, + O* — H,0 + 2¢ [3]
CO+0* > CO, + 2¢ [4]

(b)

CH, CH, CH, CH,

Figure 1. Schematic of (agatalystlayered anode supported cells and (bd)e Ni
exsolution of LCNT with SEMmage

Figure 1(b) shows the Ni exsolution of LCNT bulk sample after a reduction in H
at 906C. 10~20 nm sized particles are homogenodsgributedwith high population.
The pinned particles have stroredvantagessuch asnon-agglomeration carbon
resistance and high surface arBat it has a low electrical conductivity, possibly can
lead to increasthe Ohmic resistace withouta carefulpreparation of current collection.

LSM-ScSZ
ScSZ

NiO-ScSZ
LCNT

Figure 2.Schematic of catalysayeredelectrolyte supported cell

The single cell was prepared by usihg cell consishg of LCNT catalyst layer
(15um)/NiO-ScSZ anodél5um)/ScSZ electrolyte suppof800um)/LSM-ScSZ(15um) as

shown in Figure 2The ScSZ eldeolyte supported singleells wereevaluatedising pure

H, and CH as fuel, air as oxidant respectively, at 80The FV curves and impedance
spectra in H at 800C aredisplayedin Figure 3 In order to further study thelectrode
polarization (Rp) during cell performance, the impedance measurement was conducted
under open current voltage (O.C.V) conditidhe impedancespectra consists of atast

three semicirclesand intercept with the real axis: high frequency argR), mid
frequency arc (@QRm) and low frequency arc (®.) as norohmic resistance
(Rp=Rs+Ru+R.) and ohmic resistand®s), suggesting that thegh and midfrequency
resistanceould be assigned to surface activation, charge transfer process while the lowe
frequency resistance withas diffusion and conversiomreactions.The highfrequency
interception (Rs) i©Ohmic resistance which is mainly caused frtra electrolyte The

1124



ECS Transactions, 68 (1) 1121-1128 (2015)

maxmum power density witltatalystlayer shows 0.22V/cn?, higher than 0.19 W/ch
of non-catalyst layered cell at 86C. Two or three semicircles were roughly observed on
impedance fitting plot and considering response frequency.
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Figure 3. #V curves andimpedance spectra in,Hat 800C for ScSZ electrolyte
supported cells (a) without and (b,d) with LCNT catalyst layer

Clearly the high frequency interception (Rs) has barely changed, tlzoshght
increase is seen from 0.62 Qcm? to 0.72 Qcm? becaus of the slightly different thickness
of electrolyte support or low conductivity of catalyst layEotal electrode polarization

reduced from 1.9cn? to 0.78 Qcn?. The high and midrequenées were reduced

considerably in comparisamith Figure3c and3d. It indicates that surface activation for
hydrogen and charge transfer process improved, but there is no big difference at low
frequencybecausdt is not a reforming reaction.

The catalyst layer explicithaffectsthe stability and performance with methe at

80C°C as shown in Figure4. The O.C.V. and maximum power densitytbé catalyst
layered SOFC showed a value®915 V and 33 mV&h?. This ishigher thanthat of
0.882 V and 22 mWi/cfrfor the non-catalyst layered SOF@Ithough O.C.V. values of

both cells have lower thatfieoreticalvalueof ~ 1.1 V due to the insufficient thicknesf
anode to fully react with methane and a slower kinetic in comparison with it of hydrogen,
it is confirmed that the catalyst layer enhances O.C.V valustabdity for methane. Rs

and Rp value of catalyst layered SOFC in,GHows 1.04cn? and 2.5Qcn?, which
are reduced at entire frequencies in comparison ofcatalyst layered SOFC. The

1125



ECS Transactions, 68 (1) 1121-1128 (2015)

pyrolysis of methane (equation 2) is an endothermic dissociation reacttotneéh@C
bond is weaker than the-i& bond. It is possible to decrease the temperature in some
local areaand lead to increase Rs value, 1eht with CH, from 0.72 Qcn? with H.

In order to further analysis of the anodic polarization, impedance spegyaesults are
undergoing via a three electrode test. Although the thicknegee chtalyst layer is not
yet optimized for pyrolysis of methane,démonstrad that the catalyst layer stabilizes
SOFC operation idry methane without carbon deposition.
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Figure 4. #V curves and impedance spectra in ,Cat 800C for ScSZ electrolyte
supported cells (a,c) without and (b,d) with LCNT catalyst layer.

The catalyst layewasalso appliecdon a Ni-GDC anode supported single cell to
achieve a higher performance at lower temperature, °650The +V curves and
impedance spectra are displayed in Figure 5. The maximum power density Rs and Rp

values for catalystlayered SOFC shows over 1.1 W/fcnand 0.07 and 0.Dcn?,

respectively, which is gjhtly higher thanthat of noncatalyst layered SOFC at,H
Figure 6 shows thmicrostructureof LCNT catalyst layer after a cell test in bt 656C.

The firing temperaturgor forming the layer in fabrication procedure needs to
reduce for higher pordsi to enablebetter gas diffusion, as well, the temperature and
duration time of reduction require to increase for higher population of the exsoluted Ni
particles Theperformanceof Ni-GDC anode supported single cells with LCNT catalyst
layer is now angking in CH, and presenting in the conference.

1126



ECS Transactions, 68 (1) 1121-1128 (2015)

—~
&
~~
(=)
N

08 12 = Withacatalyst |
—e— With a catalyst layer H, 650°C . . Wr[hoauf acﬁyiﬁéyer
07 —e— Without a catalyst layer o 008
.o P 120 o
08 > g .;.\.\.\.\ 0.8 % 1
> 05 <2 £ oml
S04 oeg < UL
g T a iy 0o f‘ "
ke <
03
> 04 = ] \
< 000 ! )
02 [} N
. g H
do2 ™ 002} H
01 H
0.0 L 1 1 0.0 004+
0.0 05 1.0 15 20 L L La, 1 L L L L L
Current Density / Acr? 000 002 004 006 008 010 012 0.14 016 018 020

z | et
Figure 5. (a) 4V curves and (b) impedance spectra inatl 650C for Ni-GDC anode
supported cells with/without LCNT catalyst layer

(@ (b)

Figure 6. SEM images of LCNT catalyst layer with (a) x3,000 and @9,000
magnifications.

Conclusions

Non-stoichiometic perovskite (LasCey.1Nio.4Tio.eOs) materialfor a catalyst layer
to direct reforming of methane&as successfully preparedhe effects of this layer on
electrochemical performance of SOFCs h#dexninvestigated. The electrochemical
results fromScSZelectrolyte supportedell using H and CH as fuel and air as oxidant
showed thatLCNT can be successfully utilized asatalyst layer to prevent the carbon
deposition and reforming of GHa maxinum power densityof ScSZ electrolyte
supported cells with LCN'Bhowed33 mW/cn? with 2.5 Q cm? of ASR at 800 °C with
operating in Chl Further, anyperformance degradatiom H, by the catalyst layer on Ni
GDC anode supported cell could not be significantly observed.
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