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Abstract

A Single Chamber Solid Oxide Fuel Cell (SC-SOFC)aidevice able to produce electricity from a migtwof
hydrocarbons and oxidant. An innovative applicatirihis system would be to recover energy fromagit gas of a
thermal engine. This paper presents a study oflisgaind catalytic behaviour of electrode matesiabmposing the
cell in a mixture of hydrocarbons (propane, propengygen, carbon monoxide, carbon dioxide, hydnoged water
corresponding to a composition of exhaust gas. ikestng of four cathode materials was done, somékwewn
materials in literature and leading to highest @eniances such as 4.&5r 4C0yFe 0z (LSCF), SmgsSrysCo0;s;
(SSC) and B@SrysCoy gFey 035 (BSCF) and a last one JRiO4.; (PNO) very promising for conventional SOFCs.
Anode material was a cermet composed of nickelGadGd, 10195 (GDC) which was also selected as the electrolyte
material. Chemical stability tests and catalytitivdity studies in the gas mixture were performedtioem raw materials
and have led to a first selection among cathode& Aydrocarbons/oxygen ratios (R=HG)Qvere investigated for
materials tests considering the gas mixture stglali high temperature (600°C): R=0.21 and R=0lBICF and PNO
were considered as the most stable cathode matebesides LSCF demonstrated a lower catalytivictiowards
hydrocarbon partial oxidation than PNO especiatly the R=0.44 ratio. As for the anode side, nickek tested
regarding its catalytic activity towards hydrocambooxidation. It exhibited catalytic activity tovesr hydrocarbons
partial oxidation, especially for the oxygen-leatia (0.44), which gradually decreased while lowgrtemperature

from 620°C to 450°C.
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Introduction

Solid oxide fuel cells are usually described asiabss able to convert chemical energy into eledtrieaergy.
Conventional solid oxide fuel cells are separateéd two compartments containing each electrode bglia gastight
insulating electrolyte. Fuel (hydrogen, in mostesgsand oxidant (oxygen or air) are directly suggpltio each chamber
and no mixing of the two gases is tolerated. Atdhthode side, oxygen is reduced into oxygen iéhsvhich migrate
through the electrolyte to the anode side, wheeg txidise hydrogen (2). Electrons produced by bgdn oxidation

are then provided to the cathode through an ourtemit The overall reaction is the chemical oxidatof hydrogen to

water (3).
(1) O, +46>20
(2) Hat "> H,0 +2é
(3) H, + % G - H,0

Since the early nineties [1,2], SOFC have beenetiud a new configuration where anode and catlawdeexposed to
the same gas mixture and contained in a single bbanTherefore, no sealing between compartmentegsired,
removing one of the main issues of conventional S©However, in this case, hydrogen cannot be asedfuel since
hydrogen-air mixtures are highly reactive, thus rogdrbons, able to form hydrogen and carbon momoidough
partial oxidation (4), are most commonly used & gas mixture.
4) CHn+n2G>nCO+m/2H

Since there is no difference in the gas mixtureaath sides of the cell, single chamber operatiorcipte is based on
the difference of electrodes catalytic activity trds hydrocarbons oxidation. Electrode materialsetta fulfil some
requirements. Anode cermet must be fully activeHgdrocarbons oxidation into hydrogen and carbomarale and
for electrochemical oxidation of the hydrogen adl.vi@n the contrary, cathode material has to bet ifeehydrocarbons
oxidation, but active for oxygen reduction reactand chemically stable in a slightly reducing atpiese. When no
current is drawn, the depletion of oxygen at thedenand the maximum concentration of oxygen at#tleode cause
an oxygen partial pressure gradient between bd#ssif the cell leading to an open circuit volt§@€V). The single
chamber configuration has several advantages aweventional SOFCs: new cell geometries, stack aslseand
miniaturization of cells [3] are more easily conadile. These advantages open the way to new applisasuch as
energy recovery in exhaust gas and hazardous emissduction. For this process, partly developedha present
article, cells are embedded at the exit of an engimd turn unburned hydrocarbons from exhaustrgaseiectricity,
which could then feed electronic devices in velsiclenis forward-looking energy recovery device dooé also used in

thermal stationary power plants as well, in ordereduce hydrocarbons emissions and increase eaéigigncy.



To date, only a few authors have studied this syskderman et al. from Hewlett Packard group [4] &luthiyama et al.
[5] in their patents of 2004 and 2007, developedivadent devices. Naoki Uchiyama collaborated astig such a
system in real conditions with Takashi Hibino’s gpo two articles dealing with the results were si#d in 2008
[6,7]. Concerning the gas mixture used for tedis, articles and patents have exposed only evasiv@nplified
compositions. Herman’s patent [4], described a mné&tcomposed of light hydrocarbons (e.g. methatigne...),
hydrogen and oxygen with no exact composition. &sUchiyama [5], hydrocarbons, carbon oxides amdaeg the
components of the studied atmosphere, without arthdr details. Hibino’s group is the only one wietailed the
complete composition of its studied stream for kangell test [6,7]. A mixture of four hydrocarbofmeethane, ethane,
propane and butane), supplied at a concentratid®@® ppm for each species, and oxygen ranging #2509 to 15000
ppm is described. Nevertheless, no exact compuositiaqgiven for the test of a stack implemented inith scooter
exhaust line.

In this kind of gas mixture, electrodes selectivistydecisive for an optimal operation of cells. Soauthors had
previously dealt with catalytic activity towardsdrpcarbons oxidation of well-known cathode matsridlctivities of
Lag eSr.4C0yoF€ 035 (LSCF), SrgsSisCo0s;5 (SSC) and BaSrsCoy g6y :0s5 (BSCF) cathodes were studied by
Shao et al. [8] and Viricelle et al. [9] in aH/ O, mixture, and also by Rembelski et al. [10] in a4&+ mixture. Each
cathode material demonstrated a lower catalytitvigcttowards hydrocarbons oxidation than the wjdeked LSM.
Moreover, BSCF exhibited in each case the lowestrdoarbons conversion rate especially in a propamygén
atmosphere. By using BSCF as cathode materiahiyiesicell operation, Shao et al. [11], in 2011 cheal the highest
power density ever measured in single chamber tiondi 1500 mW.crd were delivered by an anode supported
BSCF-SDC/SDC/YSZ/Ni-YSZ cell. However, even if Shabal. [8] reported no degradation of this mateiiaa
hydrogen-oxygen mixed atmosphere, Viricelle etaald Rembelski et al. [9,10] demonstrated that BSBFwell as
SSC, show a strong degradation by reaction with @@ single chamber representative atmospherehimg a long-
term stability issue during cell operation.

As well, many articles reported anode studies kiggrits catalytic activity. In 1999, Hibino et 4l.2] reported an
analysis of the exhaust gas of a Ni-GDC anode layposed to CHO, flow at 950°C and OCV. They demonstrated
that not only hydrogen and carbon monoxide are ywed by hydrocarbons oxidation but also a signific@ntent of
carbon dioxide. Dependence of catalytic activitghwiemperature and fuel-to-oxygen ratio was regblig Shao et
al.[13,14] and by Savoie et al. [15]. Ni-SDC [13,hd Ni-YSZ [15] anodes exhibit higher activitywtards propane
partial oxidation at high temperature whereas @at temperature, complete oxidation is favoured. &yhfer lowering
the temperature, anode material became fully iteerpropane oxidation. Moreover, as expected, dgtitowards
hydrocarbons partial oxidation increases for fugmixture. Gadacz et al. [16] thoroughly studidGDC activity

towards propane oxidation. Catalytic behaviourbath parts of the cermet, Ni and GDC, were studigghrately as a



function of temperature and propane to oxygen r&ioC powder was found rather quite inactive ahhigmperature
towards propane oxidation compared to nickel powdken, by studying nickel through electrical measients and
thermodynamical considerations, the authors shavatibelow a critical temperature value nickel @& stable and
oxidises decreasing therefore its activity towgrdpane partial oxidation.

Carbon deposition on the anode side is also a nggae, well known through catalysis [17,18] androgarbons fed
SOFC [19] literature, it is usually catalysed bgriition metals such as nickel. Carbon formatiochsas whiskers
and/or capsules on the nickel particles block tttéva sites and reduce their catalytic activity &wds hydrocarbons
oxidation.

This paper presents a preliminary study on raw rizdseused for the cells manufacturing in ordedédermine the most
suitable materials for the aimed application §&#, 0, ¢s (GDC) was selected as electrolyte due to a higlcion
conductivity at temperature corresponding to exhgases (400-600°C). A cermet composed of nickdl@BC was
used as anode component. Concerning cathode, enstgeof four materials has been made; &5 4C0y Fe&y¢0s.5
(LSCF), S sSrsCo0s;5 (SSC) and BgsSiy sCay g€ 505 (BSCF) [8—11] and BNiO,4.s (PNO)[20,21].

In the present case, the gas mixture is complexchrser to real exhaust conditions than those ptesly studied in the
literature. Activity of electrode materials in thiémosphere has never been reported so far. Tonde&ea possible
degradation of the studied materials by the gasuréx raw cathode powders were first studied fee fiours at about
600°C, the closest temperature to exhaust gaso@atmaterials that were not degraded were thenestudgarding
their catalytic activity towards the studied gaxtonie as a function of the temperature (300-600NGkel behaviour
was also investigated in exhaust representativesihere. The evolution of the catalytic activitglatemical stability

with temperature has been analysed.

Experimental

Exhaust stream composition and operating temperatug

The gas mixture used in this project was basedata provided by an engine company; it has been fraddio fit to
laboratory conditions. The given composition copmgls to the actual stream after a catalytic cdakefhe exhaust
stream was hence composed of hydrocarbons (HCprbfsane and 2/3 propene, and oxygen but alsodrbbgrbons
oxidation products: hydrogen, carbon monoxide, watel carbon dioxide; nitrogen was used as balgase Three
compositions were employed for the following analjstheir main difference lies in the oxygen cormicdion
involving three different ratios R (HCHAD R=0.21 corresponding to oxygen content requif@dtotal oxidation,
R=0.67 corresponding to partial oxidation and R40ah intermediate ratio. The compositions areiléetan table 1.

The range of temperature chosen for the followess is comprised between 300 and 600°C.



Raw materials
All raw cathode materials used for tests are cormraepowders. BgsSry sCoy g6y 0s5 and PsNiO,.; were supplied
by MARION Technologies, LgSt Lo Fes0s5 and SrgsShhsCoOs5 by Fuel Cell Materials, and NiO by Sigma
Aldrich. Their respective specific surface areag{s measured by the Brunauer-Emmett-Teller methoal reported
in table 2. BSCF, SSC and LSCF perovskites are ammhmused as cathode materials for single chami@#C3
thanks to their high mixed conductivity. Nickelata® known to be efficient cathode materials fanemtional SOFCs
but have never been studied yet in single chambeditons. Therefore, PNO was selected as the Hocathode

powder.

Test bed description
All experiments were performed in a flow-throughfiguration (figure 1). The reactor was composea gjuartz tube
inside a vertical tubular furnace; a quartz woolalhsupports the catalyst was placed in the midéliie tube where
the diameter is narrower. Incoming gas mixture veasto the reactor by mass flow meters controllgccbmputer.
Water was generated by nitrogen bubbling at cdetiotemperature. A K-type thermocouple located Imgahe
catalyst is used to control the sample temperafiréhe reactor outlet, the amount of water corgdiim the exit gas
stream was determined by a humidity sensor placedhstream from the furnace; results were monitdrgdhe
Labview software. Water is then condensed and ¢ngaiming gases are quantified by an online gasneémmgraph
(SRA Instruments microGC3000), composed of a mdéeaieve MS5A and a Pora Plot U columns. The amuof
humidity sensor and gas chromatograph dependseogabes and the concentration range, so it isfiguban table 3

for each gas.

Chemical stability tests
At first, the stability of the gas composition ftive three ratios was investigated by realisingregfee tests without
catalyst in the reactor. Then, each cathode powdsrlaid on the quartz wool located in the middi¢he quartz tube
and treated during 5 hours at 610°C in mixed gas {60 L/h). X-ray diffraction (XRD) analyses orSéemens D5000
usingCu Ka radiation at 40 kV and 40 mA were made before dtet ¢he treatment to determine whether new phases

were observed in powders.

Catalytic tests



Only stable cathode materials were kept for catatgsts which were performed from 200 mg of powglece inside
reactor from 300 to 620°C using a 2°C/min ramp,rat®0 L/h gas flow rate. Catalytic behaviourcathode materials
were compared regarding oxygen and hydrocarbonsucoption.

Normalized conversion rates of oxygegand hydrocarbons ¢ by square meter of powder were used and calculated
by the equation 1:

(Cinp — Coye) X 100

Equation 1. Xy, =

Where G, and G are the gas concentrations at the inlet and orghiectively, S+, the specific surface area of the
powder (m2/g) and m, the mass of the powder (ghv€sion was normalized by square meter of powaleéake into
account varying surface area of studied powders.

For the anode material, only the metallic phase stadied since Gadacz et al. [16] demonstrated®isE catalytic
activity was negligible compared to nickel. Therefofor catalytic tests, 75mg nickel oxide powdé&pdrsed into
25mg of alumina powder were first reduced at 70f#iCLh30 in 5% of hydrogen in nitrogen. The catalytehaviour
of the reduced powder was characterized in 60L&flgay with decreasing sample temperature from 6210°250°C.

Conversion ratg of the hydrocarbons was calculated accordingdcetfuation 2:

(HC,, — HC,,,) x 100
HC,

Equation 2. y =

Where HG, and HG,; are the hydrocarbons concentrations at the inigtoaitlet, respectively.
XRD and Raman analyses were performed after testakel powders to determine whether reoxidatiod/ancarbon
formation occurred. Raman spectra were acquireth Wit a Horiba Jobin Yvon XPLORA Raman spectrometer

interfaced with an Olympus BX41 microscope.

Results and discussion

Chemical stability
Gas mixture stability
Isothermal reference tests were performed for hiheet ratios R at 610°C. Before any measuremensscgaposition
was measured at room temperature for all HGAflos by chromatography and results are repontéable 3. This will
be considered as the actual initial gas compositgad in the following tests.
According to chromatographic analyses, for the €L08ference tests, no modification of gas concéatra for the
oxygen rich ratio R=0.21 and the intermediate r&#®0.44 was noticed. Moreover, no carbon formatias detected

on the quartz wool for both ratios.



Nevertheless, for the R=0.67 composition which aiomst less initial oxygen, carbon monoxide, oxygerd hydrogen
contents were measured below initial values arichalgneous increase of carbon dioxide contentetserved. These
modifications imply that hydrogen and carbon modexoxidations forming water and carbon dioxidepeesively,
occur. Moreover, at the end of test, carbon dejposivas visible on the quartz wool suggesting thther reactions
occur at this temperature: e.g. Boudouard equilibr(5) or hydrocarbon cracking (6).

(5) 2CO® CO,+C

(6) CiHm 2 X C + GuHmy+ y12 Hy
The ratio R=0.67 was left aside while R=0.21 andd R4 were kept for the following investigations.steat lower

temperatures have been performed and no change abmposition has been noticed for the two kefiga

Cathode materials stability
Cathode powders were tested with the most redueitiy R=0.44. XRD results are presented on fidure
Modifications of initial XRD patterns were observied BSCF and SSC (figure 2), new phases were fdrpyereaction
with components of the gas stream. After five hadess at 610°C, BSCF was decomposed ingaE% sCO; and SrCQ
by reaction with C@from the mixture as it was already shown in prasiarticles [9,10]; other oxides such as CoO
were formed as well. Only a few per cents of purage BSCF are still present at the end of the $&E reacted in the
same way as BSCF forming SrgBy reaction with C@but also other oxides such as@x0s. Only a few per cents
of SSC phase were also detected after the fiveshipeatment. No structural change during the pseess observed
on LSCF powder; XRD patterns before and after st exactly the same. Rembelski et al. observedndas
behaviour of this material in a methane/oxygen aphere [10]. Concerning the last cathode matdPidlD, a slight
degradation was seen by XRD analyses. New phasesfarened: PiNi;O40; and praseodymium oxides; some authors
mentioned previously the formation of these phdseslecomposition of PNGn air for temperatures below 850°C
[20,22,23].
BSCF and SSC cathodes were considered as unsuitabéingle chamber operation in the experimentaiditions
studied here, due to a significant degradation ey reaction with the gas mixture. On the cogtraSCF was still
stable even after a five hours treatment. Evenghd®NO was a bit degraded during the test, the plaase was still

present and this cathode was kept for the next watmkg with LSCF.

Catalytic studies
Cathode analysis
Cathode material must be inert to hydrocarbonshararmonoxide and hydrogen oxidations for an optisiable

chamber operation. It is thus important to study¢hthode materials in representative exhaust tonslito determine



their catalytic behaviour with respect to the gastune. Therefore, catalytic activity of both catteomaterials towards
gas stream was investigated for two HEr@tios: 0.21 and 0.44. Blank analyses were acti@véhe same conditions
as catalytic tests to make sure that no modificatibthe gas composition occurs; the results shalvatino change
was noticed from 300 to 620°C.
For LSCF, evolution of gas concentrations as atfanof the temperature is presented on figurer3tfe R=0.21 ratio.
The horizontal lines symbolize the initial concetin of gases.
Gas species evolution can be divided into threeaiiosrof temperature (vertical dashed lines in &gay.
From 300 to about 380°C, HC content seems stablelss the Hand HO contents. However, a lowering of CO and
O, values happens on this temperature range alomgangimultaneous increase of S&ncentration. So reaction (7) is
the only one to occur in this zone.

(7) CO+% Q- CO,
Between 380 and 500°C HC and ¢bntents begin to diminish,,8 increases while CO and ¢@o on their previous
trend. HC oxidations are thus occurring but are metng with B and CO oxidations (7) and (8). In this case, both
partial oxidation (4) and/or complete oxidation @hydrocarbons may take place.

(8) Hp+ % O > H,0

(9) CHn+ (n+ m/4) Q> n CG + m/2 HO
From 500°C, HC value still decreases but a shoukl@bserved on the Hand CO evolutions. $#and CO are thus
produced while HC is consumed: partial oxidatiohi4occurring. Since fand CO values are still below the initial
ones while HO and CQ contents are higher than their composition valt®sand CO are consumed by (7) and (8)
reactions.
For the whole temperature range,i®consumed by four different oxidations, thus gvolution varies according to the
oxidations taking place in the different temperatdomains.
Since the catalytic behaviour for the other ratieOR4 for this material is very similar to this orieis not exposed in
this paper.
Gas species evolution results for the second cathmterial: PNO and R=0.21 ratio are presentedgoinef 4.
As previously done, three temperature domains @bhighlighted (vertical dashed lines) and gas diais can be
described in the same way, Gnsumption also varies following the oxidatiorsurring in the temperature range.
A first zone ranging from 300 to 375°C is visibC and H contents are stable while CO value is modifiedly@O
oxidation (7) is occurring in this low temperataene.
Afterwards, from about 375°C to 540°C, HC ang déntents start to diminish. C£lill follows the same decreasing

trend as the previous zone. Hence HC oxidation§d4and Hand CO oxidations (7) and (8) occur.



From 540°C, HC content goes on lowering while adsudchange in Hand CO evolutions is observed; ahd CO are
produced, but their content values are still befbevinitial ones indicating that they are probatypsumed at the same
time. H,and CO oxidations (7) and (8) are still presentgartial oxidation (4) is the main reaction in ttesnperature
range.

The results on catalytic behaviour of PNO for R40Q dre illustrated on figure 5.

For this ratio, only two zones are visible (vertidashed lines in figure 5). Once again, €@@ntent varies according to
the oxidations occurring in the temperature range.

At temperatures below 490°C, HC content is stabitélenCO is consumed. Hconcentration is constant and then
decreases slightly. Thus CO angd*idations (7) and (8) are the main reactionsamedthermally activated.

From 490°C, HC value suddenly decreases while allsameous increase of,tand CO concentrations is noticed.
Therefore, HC undergo partial oxidation (4) whicdkcbmes predominant over, Bind CO oxidations (7) and (8) with
increasing temperature.

Considering that both cathode materials catalyseséime reactions i.e. carbon monoxide, hydrogerhgdbcarbons
oxidations, they were compared regarding oxygep &nhd hydrocarbon p¢ conversion rates determined by the
equation 1.

As seen in the previous graphs (figures 3, 4 an@d)gen is consumed by four reactions: (4), (8).and (9). For an
optimal operation of a single cell in exhaust gastune; cathode material must be as inert as plessitwards these
oxygen consuming reactions. Both materials can bleusompared using oxygen consumption factor visdugion with
temperature is illustrated on figure 6.

LSCF and PNO materials exhibit a similar increasexygen consumption with temperature in both gagumes.

For R=0.21, LSCF seems to consume less oxygenRN&D for temperatures lower than 600°C, but theediffice is
slight. Moreover, oxygen conversion is completerrg&@9°C for both materials. At this temperaturet, emough oxygen
would be available for cathode operation, so ithhige better to operate at temperature lower tB&I@.

For the 0.44 ratio, % follows the same trend for both materials untiD85, then PNO seems to exhibit little less
oxygen consumption than LSCF, but once more thierdifice is not significant. In this case only LSC&thode
material presents a complete oxygen conversion.

Since both materials were hardly distinguishab@garding their catalytic activity towards oxygen samption, hence
Xo2 is not well-adapted to compare them. For eacl,ratith cathodes display catalytic activity towahgdgrocarbons
oxidation; they can thus be compared regarding thalrocarbons conversions ratgo(figure 7).

For R=0.21, Xcrises with temperature up to 50% for PNO and 3584.8CF around 600°C.

For the other ratio, R=0.44, X begins to increase from 500°C for PNO to reach 40%e highest temperature and

increases slowly until only 10% for LSCF.



It can be noticed that for R=0.21, LSCF and PNOehhigher catalytic activity for HC oxidation thaarfR=0.44.

Catalytic activity towards hydrocarbons oxidatidrP®NOis clearly greater than LSCF especially for R=0.44.

Considering these latter catalytic results, usiSCE as cathode material in a R=0.44 gas mixtureaateinperature
lower than 600°C would lead to best results dudaljoperation than with PNO.

An accurate comparison of materials catalytic agtiwith literature is quite difficult since somea@mmeters differ
between studies: hydrocarbons content, which ig @& in this study, gas mixture composition ano\flgeometry.
Besides, PNO has never been studied yet in sitiglenber configuration and no catalytic studies vikus performed
in single chamber atmospheres. As for LSCF, evenigh conditions were not the same in the presentystHC

conversion follows an equivalent trend with incieggemperature than those previously observedefs in GHg/O,

[8] and CH/O; [10].

Anode analysis
Unlike cathode materials, anode component mustysaténydrocarbons partial oxidation in order tonfiohydrogen
used in cell operation. The main issues for anodtenal in single chamber conditions are nickedation and carbon
deposition leading to anode deactivation.
Since hydrocarbons partial oxidation is an exothemgaction, an overheating might occur as Napmtral. observed
in a methane-oxygen atmosphere [24], and loss adehicatalytic activity could be determined by &# f# over-
temperature. Nevertheless, in the gas mixture uselis work, hydrocarbons were in very small qitéag (~1000
ppm) and no such over-temperature was denoted gltii@ experiments. So, nickel deactivation tempegatvas
determined through evolution of the gas mixture position and hydrocarbons conversion rate.
Nickel catalytic activity was measured for ratiosR21 and R=0.44. Evolutions of the gas concewtnafor the
R=0.21 ratio are described on figure 8. As expenimédrave been conducting with decreasing tempestirighest
temperatures are reported on the left of the grapddowest on the right.
As for cathode materials, gas evolution can be spliin several temperature domains (vertical dadimes in figure
8).
Between 620 and 550°C no clear trend is visibleaitl CO contents are below initial valueg.i©consumed and stays
constant at its minimum value, as well as HC cant8averal reactions could take place: HC partiadation (4), HC
complete oxidation (9), CO and,léxidations (7) and (8) and water gas shift reac{ib0). In a previous study, for a
propane-oxygen mixed atmosphere containing 6% gfex and 4% of propane, Gadacz et al. [16] detexahthat
water gas shift equilibrium controls the gaseoumpasition at temperatures above 565°C which isoodgagreement

with the results exposed here.
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(10) CO +HO © CO, + H,
From 550°C to 450°C, Hand HC contents increase towards their initial position values, they are less and less
consumed. CO value remains almost stable and sesearound 500°C. Partial oxidation (4) and/or detepoxidation
(9) might therefore compete with CO ang ¢xidations (7) and (8).
Then, below 450°C, Hand CO contents go on their previous increasiagdrto reach the initial values but with a
slower rate, hydrocarbons seem stable to the limitiacentration. Therefore, only CO and ékidations (7) and (8)
occur below 450°C.
As observed for cathode materials; &ntent follows the trend imposed by the oxidati@tsurring in each
temperature domain.
Nickel catalytic activity was also studied for tRe=0.44 gas mixture and by following gas contentletimn, three
zones can once more be identified (vertical dasihed in figure 9).
At the highest temperatures (from 620°C to 580%G)and CO values are above the initial ones, HC corigelpelow
the initial values and therefore is consumegis@ompletely consumed at temperatures ranging §2énto 600°C. HC
partial oxidation (4) is predominant at high tengiere, but CO and Hoxidations (7) and (8) prevail over HC
oxidation (4) with decreasing temperature. HC catgbxidation (9) might also occur in addition mith a slower
rate.
From 570°C to 450°C, HC content increases up toirh&l value while H and CO concentrations decrease to a
minimum and then increase again. A competition eyt between four possible reactions: HC oxidati@t), (9) and
CO and H oxidations (7) and (8).
Then, below 450°C, HC concentration is stable gigincontent indicating that only Hand CO oxidations (7) and (8)
occur.
Once again, gcontent follows the variation corresponding to elxé@lations occurring in each temperature domain.
For both ratios and temperatures above 450°C, M@yal undergo oxidations (4) and (9) but activitynadkel towards
these reactions lowers progressively with decrga@mperature giving way to CO and bkidation (7) and (8). An
analysis of HC conversion rageas a function of the temperature was requireceterchine the temperature leading to
the complete deactivation of the catalyst with ez$pgo hydrocarbons oxidation; it was calculatedoading to the
equation 2 and illustrated on figure 10.
No sudden loss of catalytic activity is visibleetltatalyst was gradually deactivated throughout témeperature
decrease. A domain of deactivation can yet be chired.
In this case, maximum 75% and 66% of HC conversi@obtained for R=0.44 and R=0.21, respectivelgké is
therefore more active towards hydrocarbons oxidafo the R=0.44 ratio above 600°C. Below 6007@ greater for

R=0.21 than for R=0.44.
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Deactivation of the Ni catalyst occurs graduallyween 620 and 450°C for both ratios, and is coragdbelow 450°C.

Diverse phenomena could be responsible of nickelctilation: catalyst may be completely oxidised udg
considerably its activity [16], carbon depositiomyndeactivate the nickel as well by polluting aetisites [17], or
hydrocarbons oxidation catalysis is temperatureeddent and decreasing the temperature lowers théytia activity
[13-15].
In order to determine whether nickel oxidation heqpgd during experiments, XRD analyses were camigdon
samples after testing and results are given indigu.
After the R=0.21 experiment, a few per cents okelioxide are observed, but metallic nickel id gtiesent, however
no nickel oxidation is noticed for R=0.44.
Nickel is thus not stable and tends to oxidise M@ for oxygen-rich mixtures according to reactidi). However,
even though no nickel oxide has been observedh®rokygen-lean mixture, a surface oxidation mayuoaghich
cannot be seen by XRD analyses.

(11) Ni + % O, > NiO
The coexistence of both oxidised and reduced ctédyms is often seen in catalytic reactor. Irs ttlise, combustion
of hydrocarbons could also occur through interactioth the lattice oxygen of the NiO species (12%,18] and so
participates to HC conversion.

(12) C.Hm+ (2n+m/2) NiO> n CQ, + m/2 HO + (2n+m/2) Ni
Carbon deposition is one of the major issues forcatialysts. Both Boudouard and hydrocarbon decoitipos
reactions are not kinetically favourable but aradily catalysed by many transition metals, parédyl Ni [17]. To
identify whether carbon is present, Raman analyse thereafter performed on the samples and cadgara carbon
containing sample (fig. 12).
The fingerprint region of carbon species is in w@venumber range 1200-2000&nThe carbon containing sample
presents two sharp peaks at about 1350 and 169)abey are particularly visible for nickel treated R=0.44 gas
mixture whereas only very few carbon seems prefsefR=0.21.
Carbon deposition inhibit the nickel activity byobking active sites and reduce CO angptoduction, this might
explain the lower catalytic activity towards hydaolsons conversion observed for R=0.44. Howevemadmount of
carbon was produced according to the intensityeafkp of the Raman patterns, as a result this mapethe only
cause of the deactivation.
Therefore, considering these last analyses on hicéidation and carbon deposition, the main cadssiakel catalytic

deactivation seems to be the temperature as iais@ady reported in the literature [13-15].
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Conclusions

In this paper, an extended study on raw electrodtemals in exhaust stream is presented in termstadfility and

catalytic activity. Two ratios HC/§X0.21 and 0.44) were considered.

This investigation led to cathode selection amang fvell known materials in SOFC field. On one haB&CF and
SSC were proven to be degraded after the five Hests in exhaust stream and were left aside #ordht of the study.
On the other hand, LSCF and PNO were stable is¢lexted gas mixture and exhibited similar behawdth respect
to oxygen consumption. However LSCF was less attiwards hydrocarbons oxidation than PNO.

The metallic part of the anode: nickel, was als@gtigated regarding its catalytic activity in ti@s mixture. Gradual
deactivation process was underlined with decreasngperature and the catalyst became completeffjcieat below

450°C for both ratios. Even though carbon and nickexidation were observed on the 0.44 and 0.2hpsess,

respectively, temperature dependence seems tebeaim cause of nickel deactivation.

This study led to the determination of the optimahditions for the cell operation. According todbeesults, LSCF is
the most suitable cathode material due to its getability in the selected gas mixture and its loatatytic activity

towards hydrocarbons oxidation. To obtain highesftggmances, the cell should operate in a R=0.44ngxture at

temperatures lower than 600°C to get the best comige between a low catalytic activity of the cakbanaterial

towards hydrocarbons oxidation and a high actigftthe nickel composing the anode.

To validate these results, further work will be dsed on cells preparation and their electricalgvar&nces will be

evaluated in the representative exhaust gas mixture
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Figures caption

Fig.1 Experimental set-up for powder analyses

Fig.2 XRD patterns of the four cathode materials befaré after stability test. Circles correspond to pleaks of the

initial structure

Fig.3 Gas content evolution as a function of temperafturéhe LSCF cathode and R=0.21. Represented g@gedC,
(b) Hy, G, and CO, (c) HO, (d) CQ, Horizontal lines symbolize the initial concentoaits of the gases and vertical

dashed lines, the different temperature domairesrohithed according to gas content evolutions

Fig.4 Gas content evolution as a function of temperatore¢he PNO cathode and R=0.21. Represented g@gedC,
(b) Hy, G, and CO, (c) KO, (d) CQ. Horizontal lines symbolize the initial concentoas of the gases and vertical

dashed lines, the different temperature domairerohihed according to gas content evolutions

Fig.5 Gas content evolution as a function of temperaftor¢he PNO cathode and R=0.44. Represented gagedC,
(b) H,, O, and CO, (c) KO, (d) CQ. Horizontal lines symbolize the initial concenimats of the gases. Qnitial
concentration is not represented for visibilityuiss but lies at 0.22%. Vertical dashed lines repethe different

temperature domains determined according to gagebeavolutions

Fig.6 O, conversion per square meter of powder as a fumctiagemperature for the two cathodes for ratio® R% and

R=0.44

Fig.7 HC conversion per square meter of powder as ditmof temperature for the two cathodes at raRe§.21 and

R=0.44

Fig.8 Gas content evolution as a function of temperafiuraickel catalyst and R=0.21. Represented gdag$iC, (b)

H,, O, and CO, (c) KO, (d) CQ. Horizontal lines symbolize the initial concentoats of the gases and vertical dashed

lines, the different temperature domains determammbrding to gas content evolutions

15



Fig.9 Gas content evolution as a function of temperafraickel catalyst and R=0.44. Represented gdag$iC, (b)

H,, O, and CO, (c) KO, (d) CQ. Horizontal lines symbolize the initial concentoas of the gases and vertical dashed

lines, the different temperature domains determammbrding to gas content evolutions

Fig.10HC conversion as a function of temperature forrtiogel catalyst at ratios R=0.21 and R=0.44

Fig.11. XRD patterns of Ni-alumina mixtures after catalytasts - triangles: alumina, circle: nickel oxicdguare:

nickel.

Fig.12 Raman analyses of nickel samples treated in R=§h@1R=0.44 compared to a carbon containing sample
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Tables caption

Table 1 Experimental gas mixture.
Table 2 Powders Specific Surface Areas.

Table 3.Gas mixture composition used for materials td$€. 1/3 propane + 2/3 propene.

17



Mass

flowmeter
i Evacuation
HC Tubular
o, g furnace
H ® Micro-
2 £ chromatograph
co 4 + mass
o [ spectrometer
CO,—u
Flowmeter
N,— LI l
T controlled
bath

Condenser

Fig.1 Experimental set-up for powder analyses

450

300
. BSCF 400 - : SSC
250 A 350 |
J 300 A
200 After test ®» After test
i) ° ° ° ° ° = 250 A °
S 150 - WM E . . . .
4 | SRR W WP S -y
8 8 200
100 A 150 A
100 | Before test
501 { k jefore test 50 -
0 : l - }k — : 0
10 20 30 40 50 60 70 10 20 30 40 50 60 70
2 Theta /° 2 Theta /°
o | LSCF 300
600 - o . PNO
250 -
500 A Af
ter test
200 - .
] After
2400 . J . . . . @ R \':L . ® ! te te.st
2 X o de X Saso; el it M
O 300 8
200 A 100 -
100 1 Before test 501 W Before test
0 IR G S Y . J..JU N
10 20 30 40 50 60 70 10 20 30 40 50 60 70
2 Theta /° 2 Theta /°

Fig.2 XRD patterns of the four cathode materials befare after stability test. Circles correspond to pleaks of the
initial structure

18



0.12

0.10

0.08

0.06

0.04

Gas concentrations /%

0.02

0.00

1.80

1.75

=
o
o

[y
o)
a

=

Gas concentrations /%
[e2]
o

=
4]
a

1.50

@)

+HC

00 350

450 500 550
Temperature /°C

400

600

650

300

350

450 500
Temperature /°C

400 550

600

650

0.60

(b)

0.50

0.40 A

0.30 A

0.20 A

Gas concentrations /%

0.10 A

0.00

+H2
=02
+«CO

300 350

5.90

400 450 500 550 600 650
Temperature /°C

5.80 A

5.70 ~

5.60 -

5.50 A

5.40 -

Gas concentrations /%

(d)

+CO2

5.30 4

5.20

300 350

450 500
Temperature /°C

400 550 600 650

Fig.3 Gas content evolution as a function of temperaiuréhe LSCF cathode and R=0.21. Represented g@gddC,
(b) Hy, O, and CO, (c) KO, (d) CQ. Horizontal lines symbolize the initial concentoats of the gases and vertical
dashed lines, the different temperature domairesrohithed according to gas content evolutions

©c o o o
o o bk =
d ® o N

o
o
=

Gas concentrations /%

o
o
N

0.00

300

1.70

—~
QD
N

350

450 500 550
Temperature /°C

400

600

Gas concentrations /%

=

o2}

a
L

=

o}

o
L

=

o

a
|

\

+H20

=

a

o
!

AP e

1.45

300

350

450 500 550
Temperature /°C

400

600

650

(©)

650

o
o
o

o

vl

o
a

(b)

o
»
o

o
w
S

o
N
o

Gas concentrations /%

o
=
o

o©
o
S

300 350

450 500 550 600 650
Temperature /°C

400

Gas concentrations /%

(d)

350

300

450 500 550 600
Temperature /°C

400 650

Fig.4 Gas content evolution as a function of temperafuréhe PNO cathode and R=0.21. Represented g@ge4dC,
(b) Hy, O, and CO, (c) KO, (d) CQ. Horizontal lines symbolize the initial concenimat of the gases and vertical
dashed lines, the different temperature domairerohihed according to gas content evolutions

19



o
=
N

T
: (@  os0 . (b)
1
20.10 ogat : : /*"'/‘”
P | £ 050 e
o 1
0.08 - e |
2 | $0.40 !
£0.06 : g l
i ! =
e i 5 0-30 1 : +H2
c : g :
30.04 - 1 30.20 1 =02
@ i +HC @ ! +CO
1
®0.02 A : 90.10 - |
1
0.00 T T T L T T 0.00 . . . ! . T . ,
300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650
Temperature /°C Temperature /°C
1.70 .
I C
. (€) 560 : (d)
! 1
X ! 5.55 !
~ 1.65 - ! +H20 g :
15 : 2550 A |
g | % 5.45 :
= 1 o . b 1
< 1.60 : g :
2 ! $5.40 - !
3 S : +C02
9155 —y 0 935 1 !
o [ 8 I
! 5.30 .
1
1.50 T T T = T T T 5.25 - : : L . - :
300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650
Temperature /°C Temperature /°C

Fig.5 Gas content evolution as a function of temperaiuréhe PNO cathode and R=0.44. Represented g@ydsC,
(b) Hy, O, and CO, (c) KO, (d) CQ. Horizontal lines symbolize the initial concenivas of the gases. Qnitial
concentration is not represented for visibilityuiss but lies at 0.22%. Vertical dashed lines reprethe different
temperature domains determined according to gagebevolutions

120 120
100 Xop
T 100
o R=0,21
E g0 - t
$ -+-PNO % 80
c TLSCF e
S 60 S 60
n o
o @
2 40 1 2 40
e} [
O o
20 - © 20
0 T T T T T T 0 + T T T T T T
300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650
Temperature /°C Temperature /°C

Fig.6 O, conversion per square meter of powder as a fumctfiseemperature for the two cathodes for ratio® R and
R=0.44

20



o2}
o

a1
o
L

R=0,21

Conversion /%.m2
N w B
o o o
\ . .

=
o
L

(I T

-+-PNO
+LSCF

300 350

and R=0.44

0.12

400

450 500 550 600

Temperature /°C

650

0.10 =

0.08

0.06

0.04

Gas concentrations /%

0.02

+HC

0.00 T
650 600

1.90

550

500 450 400 350
Temperature /°C

1.80 A

1.70 4

1.60 A

Gas concentrations /%

1.50 4

-+H20

1.40

650 600

550

500 450 400 350
Temperature /°C

(a)

300

(c)

300

[e2]
o

a
o
L

R=0,44

IN
o
L

Conversion /%.m2
w
o
.

10 4

+PNO
THLSCF

350

0.60

400

450 500

550

600

Temperature /°C
Fig.7 HC conversion per square meter of powder as aifimof temperature for the two cathodes for rake®.21

650

0.50 4

0.40 A

0.30 A

0.20 A

Gas concentrations /%

0.10 4

0.00

(b)

650 600

5.70

550

500 450
Temperature /°C

400 350

300

5.60 -

5.50 +

5.40 +

(d)

Gas concentrations /%

5.30

650 600

550

500 450
Temperature /°C

400

350

300

Fig.8 Gas content evolution as a function of temperdiuraickel catalyst and R=0.21. Represented gdag$iC, (b)

H,, G, and CO, (c) KO, (d) CQ. Horizontal lines symbolize the initial concenimat of the gases and vertical dashed

lines, the different temperature domains determamambrding to gas content evolutions

21



0.12

; | (a) 0.60 : : (b)
0.10 ; ' A ! !
8 T < 0.50 - . : \
%) SN
c i
5008 £ 0.40 -
T =
= . o
c 0.06 +HC £ 0.30 -
[S] [}
S 2
9 0.04 A 9 0.20 4
3 4
O 0.02 O 0.10 A
0.00 T T T T T T 0.00 g T T T T T
650 600 550 500 450 400 350 300 650 600 550 500 450 400 350 300
Temperature /°C Temperature /°C
1.60 : : 5.55 T .
: : (©) ! : (d)
| 1 1
N ! ! R 5.50 |
S 155 - | | - | i
g ! 1 c 1 1
o ! ! o ! 1
= ] 1 = 5.45 - ! ! +CO02
© ! ! o
£ 1.50 | ! +H20 £ | |
3 I © 540 A | |
= 1 ] s 1 1
o 1 1 9 T T ¥
o 1.45 ! ! s ! !
g - ! ! © 535 - | I
O I 1 -~ O 1 |
i i N/ | :
1.40 — T = T T 5.30 — T r T T
650 600 550 500 450 400 350 300 650 600 550 500 450 400 350 300
Temperature /°C Temperature /°C

Fig.9 Gas content evolution as a function of temperdiuraickel catalyst and R=0.44. Represented gdag$iC, (b)
H,, G, and CO, (c) KO, (d) CQ. Horizontal lines symbolize the initial concenimat of the gases and vertical dashed
lines, the different temperature domains determamambrding to gas content evolutions

80
70 A

60 A
50 A
40 A
30 A

Conversion x /%

20 A
10 A
0

650 600 550 500 450 400 350 300
Temperature /°C

Fig.10HC conversion as a function of temperature forrtiogel catalyst at ratios R=0.21 and R=0.44

22



250 .

200 -

A

Counts

® A R=0.21

0_ Mic
.|

0 Tt T T
35 36 37 38 39 40 41 42 43 44 45 46 47

2 Theta /°
Fig.11 X-ray diffractograms of Ni-alumina mixtures afteatalytic tests - triangles: alumina, circle: nickeide,
square: nickel

Table 1 Experimental gas mixture.

R=HC/O,  HC (ppm) _ CO (%) H, (%) 0, (%) CO, (%)  H.0 (%) N (%)
0.21 1000 0.5 0.5 0.48 5 2 91.42
0.44 1000 0.5 0.5 0.23 5 2 91.67
0.67 1000 0.5 0.5 0.15 5 2 91.75

Table 2 Powders Specific Surface Areas

Name (composition) of materials Ser (m2.gh)
LSCF (Lag ¢Sro.4C0o.5F€0 ¢035) 3.9
SSC (SM 5575 £C00s.) 9.7
BSCF (B&y5Sr0.5C0o.6F€0.2035) 0.85
PNO (Pr,NiO.:;) 4.1
NiO 24

Table 3Gas mixture composition used for materials tes@. H3 propane + 2/3 propene

R=HC/O, HC (ppm)  CO (%) H, (%) 0, (%) CO, (%)  H,0 (%) N,
0.21 96030 0.47+0.05  0.47#0.01  0.47x0.01  535+0.05 QB+ Complement
0.44 96030 0.47+0.05  0.47+0.01  0.22#0.01  535+0.05 QB+ Complement
0.67 96030 0.47+0.05  0.47+0.01  0.12+0.01  535+0.05 QB+ Complement
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