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Abstract

In the high current density regime, the performaoc&OFCs

is limited by concentration overpotentials when deenand for
reactants exceeds the capacity of the porous ceanute to
supply them by gas diffusion mechanisms, and wherrdte at
which water is produced exceeds the ability of dmede to
evacuate water. A compromise should be found betwee
maintaining a high level of activation in the anpdehich
means a high density of Triple Phase Boundarie8) TRBually
associated with small grains size and small paed,high gas
permeability generally associated with large interected
pores. The present work aims at determining expariaily the
gas permeability of the anode as a function ofptéecolation,
tortuosity and volume fraction of the pores. Anodegh
varying porosity ensured by different quantitiespofe former
were obtained by cold pressing and sintering. SEhge
analysis, mercury intrusion porosimetry and pernigab
measurements for different gases were performedveMer,
non-linearity as a function of the gases
molecular weight is observed.

[. Introduction

In electrolyte-supported solid oxide fuel cell, thtemic contribution to over-potential
is large because of high resistivity of the eldgteo These cells operate at high
temperature (1000°C) where the mobility of mobitas is enhanced. But high
operating temperature induces high costs, reqaspesific sealing and sophisticated
interconnects and may result in poor cell durabibecause of active diffusion of
species. Therefore, anode-supported fuel cells thitlhh associated electrolyte layer
were extensively investigated for intermediate terafure operation (600-800°C) in
the last few years in order to improve the eledtemsical performance and the cell
durability for long-term operation. The performange a SOFC is controlled by
various polarizations or losses: ohmic losses (duthe electrical resistance of the
components), activation losses (due to low kinetdscharge transfer of the
electrochemical reactions; it mainly depends on dleztrode-electrolyte interface)
and concentration losses (when the transport dfdne the transport of products of
reaction are retarded). Even though thin electeolgyer in anode-supported cell
reduces drastically the electrolyte ohmic contitut activation and concentration
polarizations of the anode still penalize the pelfformances.



Therefore, an optimization of the overall perforrm@anof the fuel cell requires
optimizing the parameters which control the actorat and concentration
overpotentials. In this aim, several studies shiog dtrong impact of microstructure
parameters (1) on the electrode performance. Acoptd Virkar et al. (2), Sakamoto
et al (3) and Lee et al. (5), the microstructutaracteristics of the anode in anode-
supported SOFCs are considered having crucial teffea the electrochemical
performance, and more specifically on the concénotrapolarization. This latter
occurs when the demand for reactants exceeds {becita of the porous cermet
anode to supply them by gas diffusion mechanismsid, in the case of a SOFC
anode, when the rate at which water is producedezgisthe ability of the porosity to
evacuate water. It is obviously related to the anmitrostructure in terms of porosity
(tortuosity, pore volume fraction, size and digitibn). In consequence, an
appropriate path for the gases reduces the diffasi¢concentration) polarization
loss. Since the various requirements for an efiic@node (high ionic and electronic
conductivity, homogeneous distribution of all preased uniform percolation, high
gas permeability for transport of hydrogen andeaiction products, fine particle size
for high electro-catalytic activity) could not b# mvestigated in one anode layer in
order to achieve high power densities (6-9), thestigation of our case study is only
limited to the modification of the porosity chamgstics by using graphite pore
former particles and conventional materials (YSd &in).

Three potential diffusional mechanisms can occuweotihe gas is passing through
porous electrodes. These mechanisms depend e#igatiizhe nature of the gas and
on the microstructure of the porous medium (anodég three mechanisms are:
Molecular, Viscous and Knudsen diffusion. AccordiogW.He et al (10), in the case
of porous media having the pore diameter much tatge the mean free path of gas
molecules at a given temperature, the binary ddfugalso called the Darcy regime)
takes the advantage over the Knudsen diffusion gacThe effective diffusion
coefficient is then defined based on Fick’'s Law aas approach to evaluate gas
diffusion as Equation [1]:

g r Y [1]

where 0 is the binary diffusivity, @ the porosity (vol%hdit the tortuosity of the
porous electrode. However, if the diffusion is takiplace in porous media having
small pores, with low pressure, Knudsen diffusionll wake place since the
interactions involve more frequent collisions betweyas molecules and walls of the
porous media than with other gas molecules. Casis¢ where both mechanisms
Knudsen and molecular one are very important. Thentotal diffusivity of gas
species is written as shown in Equation [2]:

L, 1
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where [} is the ordinary binary diffusion coefficient of tvapecies (i in j) defined as
following from the Chapman-Enskog theory Equati8h |
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M; and M are molecular weight (g.md), p is the total pressure (atm), R is the ideal



gas constant (J.KgK™), T is the temperature in Kgij and dimensionless), are
Lennard-Jones parametersg s the Knudsen diffusivity with das the mean pore
size as given in Equatidal:
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Taking in consideration that in most porous medsgpecially in compact solid, paths
for the diffusion of gas molecules within the por® random and tortuous, the
effective diffusion coefficient is therefore giveg Eq[5]:
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In this study, our effort to develop anode substfat the practical application of the
low or intermediate temperature anode-supported §QFC is reported. Our studies
focused on the optimization of the anode microstmecthrough permeability and
mercury porosimetry tests for anode substrates apeelp using cold pressing.

[I. Experimental procedures

Yttria-stabilized zirconia (Tosoh, Japan) and niakade (Novamet, USA) were used
to prepare NiO-YSZ composite anodes. The averagilgasize of YSZ and NiO
was 0.1 and 4m respectively. The pre-mixed powders were balledifor 3 hours.
We added plate shaped graphite (0, 15, 20 and P% wrespectively) with 2um in
diameter to provide the additional porosity of amsdbstrate to the appropriate level.
The granules of NiO-YSZ mixture were compacted andbxially pressed into
pellets with 1.5 mm in thickness and 25 mm in disaneand then sintered at 1350 °C
in air. The porosity of the NiO-YSZ composite wasasured via Hg porosimetry.
The microstructure of the various NiO-YSZ composaeples was investigated with
a scanning electron microscope (SEM FEG FEI NovadS$&M 450) combined with
Image Analysis. For this purpose, the investiga@uples were impregnated in resin
and polished. The numerical images were segmermedolate pores and allow
calculating the pore volume percentage using MATLgdware package. An
average of 15 micrographs were taken for each sato@nsure the robustness of the
analysis (homogeneous distribution of pores throughhe whole sample, at the
edges as well as in the core). The maximum errath®analysis lies within 5%.

Four different volume percentages of pore formeesrewinvestigated; for each
percentage, two samples were studied before aadrafiuction. Table | summarizes
the different samples under consideration. Sampi#tsthe annotation (G) represent
unreduced samples and (B) is for reduced samplds. iReduction of samples was
carried outin situ at 700°C in a 10% H+ 90% N mixture for 2 hourgrior to
measurements. The fuel flow rate was maintainddl@mL/min.



TABLE I. Volume fraction of pores in different samples

Samples  AL(G) | AL(B) A2(G) A2(B) A4G) A4(B) A6(G) A6(B)

Graphite

(volos) 0 15 15 20 20 25 25

I1l. Results and discussion
[11.1 Microstructural analysis

In an attempt to promote a high porosity, and t@ta a percolating distribution of Ni
within the anode, a hierarchical microstructure Veaded for in the final material by
purposely interrupting the grinding step prior iatering. Therefore, mixing NiO
particles with YSZ granulates will lead in the firenode to the repartition of a
network of pores and Ni surrounding a skeleton ighificantly large YSZ grains.
This hierarchical microstructure appears positivéerms of conductivity and limited
concentration overpotentials, but must be thorougfailored since large final
granulates do not play in favour of an increas&B. SEM micrographs of the four
samples Al, A2, A4, and A6 are given in Figure 4fg) As expected, all samples
present significant granulates. Interestingly,tfee same grinding time granulates are
increasingly eroded as a function of increasingamaof pore formers (graphite). As
anticipated pores and NiO cover the YSZ skeletohjclv leads to an easier
percolation for electronic conductivity and gasngport. It is seen that NiO-YSZ
sample with 15% volume graphite has a structursecto that of A1B sample without
graphite, but with smaller granulates.
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Figure 1(a): Backscattered electrons SEM microggaph

On the other hand, the compacted pellet with 20%gy@phite shows similar
microstructure to the one with 25%vol with a sesi@aduction of granulates size and
a drastic increase of porosity. Results of Imagalysis of the microstructure of all
the investigated samples (Figure 2) are summarizebable Il. Though a general
trend toward an increase of porosity as a funatidncreasing amount of pore former
is found, a significant discrepancy is observedveeh the measurements of porosity
by Hg porosimetry and by Image Analysis, especiédly large volume fractions.
Though Hg porosimetry is known to be less efficienassess very small pores, small
pores do not account for much in the total voluraetfon.



Flgure 1(b) Backscattere electrons SEM microgsaph samples smtered with
20%, 25% graphite

Though Image Analysis has been carried out thordgugh back scattered SEM
images on sample impregnated with resin, then Ipadisit seems more probable that
the underestimation of the porosity for large vodufraction of pores is due to a
segmentation artifact at interfaces between sdlasps and resin. On the other hand,
about the same value is recorded by Hg intrusiaogimetry for samples A2 and
A4, though A4 has 5% more of pore former. And fipdlis found that the porosity
of sample A4 after reduction is smaller than befavbich is also counter-intuitive
and requires further investigation

Table II. Microstructural analysis of samples

Samples | A1) | AL(B) | A2(G) A2(B) A4(G) A4B) A6(G) A6(B)

pore 0% 0% = 15% @ 15% = 20% @ 20% @ 25% @ 25%
former
PoroHg | 15 24 17 20 15 48 40 55
Poro
(1.A) 24 - 23 32,5 30,6 33,1 33,1
Mean
Pore @
Volume 15 2,8 2,5 2,4 2,9 3,6 4 4.4
(kM)
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Figure 2. Comparision of distribution of pores afeduction through Image Analysis



[11.2 Conductivity measurements

Conductivity measurements were evaluated on redseetples by DC resistivity.
Measurements were carried out at room temperajy/iag advanced four points
method. No conductivity was noticed for sampletwi@itand 15% pore former while
electronic conductivity was recorded for higher ams. This clearly indicates that
the percolation of Ni is closely related to thetlmition of pore formers.

[11.3 Permeability analysis

Permeability analysis was performed on a restirtg system especially designed
for this purpose. These studies consisted on miegstite permeability resistance as
gas penetrates through porous media. It is defasetthe ratio of the pressupe(mm
H,0) over the gas flowew [ML/mMin]:

P
qf!ow [8]

R,p=

Equation(8] is very similar to the Darcy low; however, it is raoconvenient and
illustrative for gases permeability studies in para@eramic media. The permeability
measurements were carried out at room temperatitinedhfferent gases: air, DNy,
Ar, dry and humidified i The gas flows varied from 0 to 140 mL/min. Theriity
(3% H0O) was ensured by passing the gas flow through recitgessel at room
temperature. Two configurations of the gas flowwggt(i) lateral, and (ii) transversal,
were investigated (Figure 4). Measurements in loothfigurations showed that the
lateral configuration could be neglected in the exixset-up. Moreover, all the
investigations were performed using transversafigoration, which combines both
directions of gas flow.

- M-
Figure 3.Gas flow configurations of the experiméa&d-up: (i) lateral; (ii) transversal

As different gases were supplied, the flow of spedhrough the anode layer was
provided by the pore structure of the anode. Adciatted and as shown in
Figure 5(a), the gas permeability increases with ititcrease of volume fraction of
pore former for non-reduced ones. The correlatidaih Wg porosimetry and Image
Analysis (IA) on SEM images (see Table II) is esake valid for the highest
amounts of pore formers, whereas the differencdolwer volume fraction (samples
AlG, A2G and A4G) is not significant. Although rexda samples showed higher
permeability due to the additional porosity afteduction, (as expected and certified
by porosimetry mercury and Image Analysis resuliged in Table ll, sample A2
showed an increase of the permeability resistaftee seduction (See Figure 4(b)).
This increase can be explained by a reduction prmablFurther investigations on



samples with the same pore former amount are &cinatourse to explain more this
behavior.

Measurements at room temperature and constanttmorsd(set-up configuration), for
different gases having various molecular weighgistered an increase of the
permeability with the decrease of the moleculargivefor all the samples before, as
well as after reduction (Figure 5(a),5(b)). Argooletule shows higher permeability
even though its molecular weight is the highest rgnioavestigated gases. According
to James C.Maxwell, since gas molecules have diftespeeds and different degrees
of freedom (3 for monoatomic, 5 for diatomic) tockadegree of freedom of a
molecule is associated a certain kinetic energguAsng as a first approximation that
the thermal energy will be fully used to ensurastations in the three directions of
space (three degrees of freedomy, I written:

3
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Diatomic gases such asp,HO,, N, and Air have 5 degrees of freedom, and can
therefore store more thermal energy (54Z)k these molecules have the potential to
exhibit a higher translational kinetic energy thatld result in a lower permeability
than monoatomic gases, as seen in Figure 5 whidrkan permeability is observed
for the only monoatomic gas studied in this workisTexperimental fact needs
further studies and explanation.
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Figure 4: Permeability Resistance as a functiopoobsity
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Fig. 5. Dependence between permeability resistpgtgnd the gas molecular weight
for: (a) sample NIiO/YSZ before reduction; b) samMNeYSZ after reduction



The observed graphs showed a kink in the vicinftynolecular weights to 28-30
(nitrogen/air). For higher molecular weight (asttbBArgon) the resistivity increases
faster. This experimental fact needs further stdied explanation.

V. Conclusion:

In this study, gas permeation behavior throughousripore former volume fractions
in anode supports for Intermediate temperature iegmn was investigated. The
study was achieved using different gases. Invastige were performed using
different analysis techniques such as permeabilégts, image analysis and
porosimetry mercury intrusion. The results showédt tthe gas permeability
improved by increasing the porosity thus decreasiveg size of powder particles.
Therefore, the effect of molecular diffusion wikdome low after a certain volume
fraction of pore former and the effect of Knudseffudion will be significant.
However, gas permeability also depends on moleautaght. The results showed
that at a certain pore former volume fraction, thi#usion phenomenon is in a
transition region between Knudsen and Moleculdusibn.
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