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A solid oxide fuel cell was designed to be operatedoure
methane, without reforming or carrier gas. The fiedl was built
up from conventional NiO-YSZ anode supported ceithwa

specific Pt screen-printed anodic collecting systerd a Ir-CGO
catalytic layer. The operation principle is based Gradual
Internal Reforming. After an initiation in Hor 30 minutes, the
cell was operated for almost 2000 hours in puredcagdCH,; with

a fuel utilization rate of 30 %. Intrinsic gradudégradation of
15 %/1000 h was observed, but no coking occurredeatinodic
side.

Introduction

The operation of SOFC in different carbon-lolafssil fuels (natural gas, syngas) or
renewable fuels (biogas, waste fuels, bioetharisl)a huge actual challenge whose
success will condition the development and largdesapplication of fuel cells in the
future. The first step to be achieved is the denmatisn of stable operation in pure
hydrocarbons, with high performances and withowtdnef addition of reforming gas
(H20, CQ, 0O»...) or carrier gas, for simplicity, flexibility, efiability and cost
considerations. The demonstration of the robustoésise system in these conditions is
essential while the investigation of the other tations (sulfur poisoning, siloxanes
contamination...) is carried out in parallel. IetBystem is demonstrated to be stable in
pure hydrocarbon, the fuel flexibility can then ingestigated. SOFC with original cell
configurations (anode barrier or catalysts) or m@wde materials have been operated or
modelled in various hydrocarbons (1-6). In thisgra@after definition (7), simulation (8-
9) and experimental demonstration of the Graduaktal Reforming concept in methane
(10-11) and in ethanol (12), we report the desigd kbong term operation in gradual
internal reforming of an anode-supported solid exidgel cell including a catalytic layer
in pure methane.



Experimental

The fuel cells were prepared from commerci8ZMNiO-YSZ (Forschungszentrum
Julich) half cells. Composite cathodes, depositgdsdreen-printing, were made of a
LSM:YSZ (60:40) layer, 35 pum thick covered by aplr thick pure LSM layer annealed
in two steps at 1200°C in air. An additional goletsh was screen-printed onto the
cathode surface and annealed at 900°C in air toowepcathodic collect. The details of
the screen-printing process will be found elsewhdfe-14). Deposition and
microstructure were optimised up to an ASR of @4&n¥ at 1073 K, using symmetrical
cells in air. Due to the configuration of the delktluding a catalytic layer on the top of
the anode, an original anodic collecting system tioalde designed. The development of
these original anodic collectors will be detailadhiforthcoming paper. In this study, a Pt
mesh shaped anodic current collector was depositealthe oxidized cermet surface by
screen-printing (Aurel, C.890) from commercial (i&SL 5545) using a mesh 180 mask.
A gold ring was fixed and pasted on the top ofrttesh using the same ink as the mesh.
Two wires were connected to this ring, one for pté monitoring, one for current flow.
The annealing was made first at 300°C in air formiutes to remove solvants and
organics (as indicated by TGA), and then at 900fGli for 15 minutes. These thermal
treatments were demonstrated in a preliminary stodigave no effect on the cathode
properties.

The anodic side of the fuel cell was then cedeby a 0.1 wt% Ir-CGO catalyst
coating, 200um thick deposited by 3D controlledagpzoating. This optimal thickness
was evaluated from simulation studies (8-9). Th#, d® mm in diameter with an
electrochemically active surface given by the cdéhsurface of 0.79 dinwas inserted in
a 3 atmospheres setup using an alumina ring. @agéss and sealing were achieved
using specific glass and gold rings. More detailgtee experimental setup are available
elsewhere (10-11). After glass sealing in air &°8% the anode was gradually reduced in
Ar/H, mixtures at 800°C. The OCV stabilized at 1.13 \hisTvalue, close to the
theoretical Nernst potential, confirms the gasthighs of the system. Electrochemical
characterisation of the cells was performed intcepar Ar-diluted H and/or CH with
flow rates controlled by calibrated mass flowmetarsing Solartron 1250 frequency
response analyser and Solartron 1287 electrochknmtaface. The microstructural
characterisation was made with a Zeiss Ultra 55 BE&&ning electron microscope.

In this paper, the fuel utilization is assidd to the faradaic efficiency as defined by
the Faraday’s law, considering 2 electrons forand 6 for CH (CO is usually not
oxidized at the anode, as demonstrated (10-11).

Results and discussion

The operation principle of the fuel cell daised in this paper, Gradual Internal
Reforming with a catalytic layer in dry methaneetsked in figure 1, is based on the two
fastest reactions, self sustained in the systemelectrochemical oxidation of;Hil] and
catalytic steam reforming of GHR2].



2HO” - H0 +2¢ [1]
GHH,0 — CO+3H [2]
The steam produced by electrochemical oxidatb hydrogen at the triple phase

boundaries is used gradually along the fuel stréantomplete the catalytic steam
reforming of methane in the 0,1wt% Ir-CGO catalwimperficial layer (figure 1).
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Figure 1. Sketch of the fuel cell architecture aotlematic principle of Gradual Internal
Reforming associated with Electrocatalytic Decougpliwith screen-printed Internal
Anodic Collecting System

Under load conditions and at steady stateetlseno need of external steam supply if
a sufficient quantity is released from the opetamode by [1], and provided that the
catalytic reaction of Cldconversion into Bland CO over Ir-CGO catalysts is fast and
complete, as already demonstrated (15). Based ty@se considerations, looking at [1]
and [2] stoichiometry, and without considering @arbmonoxide which is not oxidized
electrochemically at the anode, as demonstratedelbgtrochemistry/GPC coupled
experiments (11), the simplest model of cell operatonsists in assuming that the
oxidation following [1] of only one of the three,Hholecules obtained from [2], forms
one water molecule. Besides, only one water moéeisuheeded to ensure the conversion
of methane following [2]. In other words, a fueiligation of 1/3 (based on a global
faradaic efficiency of 1) is theoretically suffinieto release enough steam to convert the
entire methane stream in the catalyst layer, comphes catalytic reforming reaction, and
avoid the contact between ¢Hnd Ni (and subsequent carbon cracking). Below thé&
system will not release enough steam to ensuré d@smplete conversion, and methane
will diffuse into the cermet yielding fast cokinlylore details concerning this concept
will be found in our previous work (7-12). This hfied principle mechanism was
applied here study and the faradaic efficiency firas optimized in H above 1/3 by
adjusting the experimental parameters (fuel comagaoh and flow rates). The gradual
consumption of methane following the radial anoditeam (10-11) ensures the
delocalisation of the high endothermicity of steaforming AH=206 kJ.madf).

During the first polarisation of the cell,GiH, is used as the fuel, steam is absolutely
required to initiate the catalytic reaction. Withosteam (or other reforming gas),
methane diffuses into the cermet and yields imnediaking. Consequently, initiation



was made in b as already reported for electrolyte supportedscdlO-11). When a
steady state is achieved, the continuous steamsesl@lows the direct and abrupt switch
from H, to dry CH, as the fuel, provided that current (and then steal@ase) is
maintained constant to avoid interruption in th&alyic conversion, Ckldiffusion into
the cermet and subsequent coking. During the fuitls, fuel flows are adjusted in order
to provide to the anode a theoretical constant rarrobelectrons considering [2], where
only H, is oxidised (see above). According to [1] and [2],and CH give theoretically 2
and 6érespectively. This hypothesis is confirmed below.

Based upon these considerations, when thewaslswitched from Hto CH,, CH,
partial flow rate was divided by 3 to maintain adhetical number of electrons provided
to the anode, and thus maintain the current dendityese two basic principles
summarized in Figure 1, were applied for the expental demonstration and durability
tests of anode supported cells operating in Grathiatnal Reforming of dry methane
with electro-catalytic dissociation in two diffetelayers. The advantages of Gradual
Internal Reforming with the use of a catalytic lay@elocalisation of the endothermicity,
no water or reforming gas in the fuel, no carbopadéion, performances and durability
increase) were already reported (10). The catalgiier has no electrical function, and
the cermet has no catalytic role towards the hyattman conversion. Accordingly, the
best materials can be used for each function, hgath the so-called electrocatalytic
dissociation principle. In this study, specific di current collectors were designed
between the anode and the catalyst by screenrgi(gee figure 1). The development of
these collectors using different metals (Au, Pt) @il be reported in details in another
paper. In particular, neighbouring power densitiese obtained in the same conditions
(diluted hydrogen) with all of those metals.

A typical polarisation curve obtained at 800ACH, (2 L.h") with a Pt screen-printed
collector is given in figure 2.
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Figure 2. Polarisation curve of the fuel cell wih screen-printed anodic collector and
catalytic layer obtained in4hat 800°C



The maximum power density is 0.17 WZtnat 0.6V, whereas 0.3 W.¢m
(~0.5 A.cn¥ at 0.6V) were achieved by increasing the fuel fi@te, but with a lower
fuel utilization. The performances of the fuel cafle probably diffusion-limited in a
certain proportion by the catalytic layer as paintaut (2), but this aspect was not
considered here. Due to the limitations mentionealva, the polarisation curves cannot
be recorded in CH Accordingly, the fuel utilization was optimiseding H, as the fuel,

following the principles described above. This stiglsummarized in figure 3a for Ar.H
mixtures.
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Figure 3. (a) Variation of Hutilization rate (for a faradaic efficiency of &) 800°C in
Ar-H, mixtures as a function of concentration and tltaw rate; numbers indicate the
current density; the red point shows the operatmmditions of the experiment of Figure
3Db; (b) potentiostatic test at 800°C and V = 0,6\pure dry methane for 1800 hours after
initiation in H, and gradual suppression of Ar (carrier gas)

For a given Kl concentration, the fuel utilization decreases wliea flow rate
increases, and for a given flow rate, the fueizatlon decreases when ldoncentration
increases, in spite of significant increase ofdheent density. It means that the fuel cell
efficiency is better for concentrated fuels witlow flow rate. Here, the best compromise
was obtained with a total flow rate of 0.5 L.vith 30 % H in Ar, i.e. a partial flow rate



of 0.15 L.K* for hydrogen, yielding fuel utilization of abou8 3% and current density of
0.16 A.cn’. Using these conditions, long term stable opemaiip pure methane was
achieved. As indicated above, the cell was gragyalb V.min') polarised at V = 0.6V

in diluted H (figure 3b). After 30 minutes, at steady state, filel mixture was turned to
0.05 L.KH* of methane (i.e. 1/3 of initial +flow rate, see above), maintaining a constant
total flow rate of 0.5 L.t (10 % CH) for 25 hours (see figure 3b).

After this fuel switch, The current densityn@&ned almost at its previous value,
which confirms the choice of the 1/3 ratio relatedhe 6&provided by CH(see above).
After a second step of 25 hours with 20 %,@With a constant Clpartial flow rate) Ar
was suppressed. Methane flow rate was manuallystedjufor another 30 minutes to
maintain a constant current density. The increals¢he current density when the
concentration of the fuel is increased is conststéth the behaviour observed in figure
3a in hydrogen. The increase of £tbncentration increases the fuel utilisation. Tak
was then left for 1800 hours in pure methane (8daiv). A gradual linear decrease of the
performances of 15 %/1000 h. was observed. It is¢omentioned that with this
degradation, the fuel utilization was slightly belthe 1/3 theoretical limit. The cell was
unfortunately stopped after 1800 hours (2 ¥2 monthgontinuous operation for plant
power supply maintenance. The shut down was mdldeving the invert procedure. The
fuel was turned to § maintaining the current density, left for 24 howand then
gradually depolarized. No carbon was observed atatiode or detected by EDX, no
degradation of the anodic components could be vbddsee figure 4).

The catalyst layer delaminated during the cetlling and disassembly. The screen-
printed Pt collector shows a very close contachwhe cermet nickel, but no degradation
of the components or interfaces can be evidenaad frgure 4. The main modification
was observed at the surface of the grains and akengrain boundaries of the electrolyte,
with the apparition of sub-micrometric cracks aodgs.

The degradation of the performances was thetatively attributed to intrinsic ageing,
mainly due to gradual increase of the electrolyimic losses, as already mentioned for
YSZ electrolysis cells long term operation (16) hwihigher current density, and
evidenced by SEM as the presence of nanoporositySZ grains, together with
connexion loss in between grains. Ageing of theldleach, especially of the sealing glass
can also explain this significant degradation.

Complete cell design procedure, operation @ost-mortem analysis will be reported
in a forthcoming paper.
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Conclusion

This study demonstrates the ability of SOF&teays with decoupled electrochemical
and catalytic components and functions, to opedat@bly in pure methane without
supply of reforming gas by Gradual Internal Reforgyi provided that the following
conditions are respected:

- Initiation of operation and then steam release outltarbon (in KHfor example)

- Adjustment of the flow rates #CH,to maintain the current density

- Optimization of the fuel utilization, to preventrban deposition conditions



This architecture allows the use of the best ararte catalyst at the same time. These
results open the perspectives of fuel flexibilir ISOFC. Demonstration has already
been made for ACH,/C,HsOH [6].
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