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a b s t r a c t

The catalytic activity of single chamber solid oxide fuel cells (SC-SOFCs) with respect to hydrocarbon
fuels induces a major overheating of the fuel cell, temperature variations along its length, and changes in
the original fuel/air composition mainly over the anode component. This paper assesses the temperature
gradients and the variations in performance along electrolyte-supported Ni-YSZ/YSZ/LSM cells fed with
methane gas. The investigations are performed in a useful range of CH4/O2 ratios between 1.0 and 2.0, in
which the furnace temperature and flow rate of methane–air mixtures are held constant at 700 ◦C and
450 sccm, respectively. Electrochemical impedance spectroscopy (EIS) is used to sense the temperature
ingle chamber solid oxide fuel cells
SC-SOFCs)
lectrochemical impedance spectroscopy
EIS)
ombustion
emperature gradients

at the location where smaller size cathodes are positioned on the opposite side of a full-size anode. Due
to temperature increases, cells always perform better when the small cathodes are located at the inlet as
well as at a CH4/O2 ratio of 1.0. With an increase in ratio, the results show the presence of artefacts due to
the use of an active LSM material for the combustion of methane, and open-type gas distribution plates
for the single chamber reactor.
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. Introduction

Single chamber solid oxide fuel cells (SC-SOFCs) operate in direct
ontact with hydrocarbon–air mixtures. Their proper functioning
s generally dependent on the heterogeneous catalysis of the feed-
ng hydrocarbon species at the anode and the high selectivity of
he cathode for the electroreduction of oxygen [1–7]. Such distinct
roperties of the cell components are at the origin of the high open
ircuit voltage (OCV) values normally observed. Indeed, extremely
ow p(O2)a builds up at the anode/electrolyte interface due to the
ombustion of the incoming fuel while the p(O2)c at the cathode
emains fairly high with the use of materials inert to hydrocarbon
ombustion. However, deviations from such ideal behaviour have
een found, especially when the cathode side becomes susceptible

o combustion reactions. This has been verified, for example, in the
ase of perovskite oxide materials, the morphology and structure
f which have not been properly optimized for the single chamber
pplication or for which the fuel cells are operated at too high tem-
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eratures [8–11]. This generally leads to decreases in OCV and fuel
ell performance.

The catalytic activity of the electrode materials also generates
arge amounts of heat, which leads to the establishment of a true
ell temperature that differs significantly from the temperature
ettings of the furnace [9,12–15]. According to the fuel cell types,
ts electrode materials and the hydrocarbon fuel used, the heat
eleased by the combustion reactions may increase the cell tem-
erature from about 20 to 250 ◦C [10,12,13]. Such overheating could
e considered as an SC-SOFCs advantage. Indeed, Shao et al. [16]
emonstrated the operation of a micro-SOFCs stack at 500–600 ◦C

n the absence of any external heating.
More recently, we measured the overheating as well as the tem-

erature gradient along single chamber electrolyte-supported cells
xposed to a CH4/O2 ratio of 1.0 at 700 ◦C [17]. This was done
y realizing electrochemical impedance spectroscopy (EIS) spec-
ra of cells made of small cathodes located at the inlet, center,
nd outlet of larger electrolyte-supported cells, with the small

athodes facing a full-size anode on the other side. The temper-
ture at the inlet rose by more than 100 ◦C while a fall of as
uch as 50 ◦C was recorded within the first cm length of the fuel

ell. Concurrently, this fall in temperature from the cell inlet to
ts outlet forces a performance gradient largely governed by the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:roberge.real@ireq.ca
dx.doi.org/10.1016/j.jpowsour.2008.09.087
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ig. 1. Schematic diagram of the different cathode geometries tested with a full-size
node surface area on the opposite side.

esistance of the thick electrolyte that is also a function of temper-
ture.

Temperature variations along the cells are not the only factor
mpacting the performance of SC-SOFCs. Indeed, the combus-
ion processes found at the cell inlet are also expected to play a

ajor role. In the case of partial oxidation reactions, for example,
he methane combustion leads to the enrichment of H2 and CO
as species. As shown before [11], modifications of the chemical
nvironment over the anode component lead to increases in the
uel-to-oxygen ratios at the cell outlet compared to the original
ncoming CH4/O2 ratio. The variation in the outlet fuel-to-oxygen
atio is dependent on the true combustion mechanism as well as
he CH4/O2 ratio. This last parameter has also been shown to signif-
cantly affect the performance of SC-SOFCs and to be practical only

n a limited range of the methane-to-oxygen ratio [15,18–21].

In the present paper, we are thus continuing our investigation
f single chamber Ni-YSZ/YSZ/LSM fuel cells fed by various incom-
ng mixtures of methane and oxygen gas. We are extending our
revious results on overheating, the temperature gradient and the

h
b
c
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ig. 2. (a) Schematic of the single chamber setup used for testing the 16 mm × 25 mm e
lates, respectively.
Sources 186 (2009) 89–95

ariations in performance in SC-SOFCs [17] by performing extensive
easurements in a useful range of CH4/O2 ratios between 1.0 and

.0. The results are discussed in terms of temperature and environ-
ental changes caused by the combustion reactions in the single

hamber reactor.

. Experimental

Detailed descriptions of the experimental parameters have been
ublished elsewhere [11,17]. Only a brief account will be given here.
lectrolyte-supported cells are made of 500-�m-thick 8YSZ mem-
ranes. The electrodes are composed of two layers. The anodes are
ssentially made of 45 wt% NiO/55 wt% YSZ to which a thin NiO
ayer is added as electrical contact. The cathodes are formed from
n internal functional layer of 50 wt% La0.8Sr0.2MnO3 (LSM)/50 wt%
SZ to which a pure LSM layer is added for improved conductivity.
inal sintering of the anode and cathode layers is performed for 3 h
t 1375 and 1100 ◦C, respectively.

The electrolyte membrane measures 16 mm × 25 mm. As
epicted in Fig. 1, smaller size cathodes (S = 1.07 cm2) placed
longside the electrolyte-supported cells and full-size cathodes
S = 3.2 cm2) are used. The small cathode cells were used to eval-
ate the effect of both the temperature and the environmental
hanges along the SC-SOFCs. In the following section, all the results
re normalized against the corresponding geometric cathode areas.

The cells are tested in an experimental setup (Fig. 2a) similar to
he one described earlier [3]. Minor changes have been made since
hen especially in relation to the gas distribution plates (GDP) that
upport the cells and the current collectors (gold meshes). Fig. 2b
nd c shows 3D views of the plates used in the present study.
hey are made of alumina and contain evenly spaced posts that
niformly mix the gas over the electrodes. The plates in Fig. 2a
ere already used in our previous paper [17] and continue to serve

ere for comparing cell performance at each CH4/O2 ratio. As can
e seen, they are of an open design with posts up to the sides. A
losed design (Fig. 2c) was also used during the study to clarify
ome unusual results obtained with the small cathode cell in the
utlet. In this case, solid walls form the sides and the outlet face of

lectrolyte-supported cells; (b and c) 3D views of open and closed gas distribution
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ig. 3. Impedance spectra of Ni-YSZ/YSZ/LSM cells measured at OCV and 700 ◦C ag
SM cathodes located at the center (�) and outlet (©). Experiments performed in a

he plates except for two holes that allow the gas species to flow
ut and the connecting experimental wires to pass through. The
ntire assembly of distribution plates, current collectors and cells
s firmly held in place inside the cell holder (Fig. 2a) and forms the
o-called single chamber fuel cell split into an anode and a cathode
eactor.

Before testing under the various ratios of CH4/O2 = 1.0, 1.2,
.6 and 2.0, the cells were heated at a nominal temperature of
00 ◦C and reduced in an argon/methane mixture. Experiments
ere performed at 700 ◦C under a total flow rate of 450 sccm
H4 and synthetic air (80:20 Ar/5%He:O2). Current–voltage curves
Solartron 1286) and impedance measurements (Solartron SI 1260)
ere carried out in a two-electrode 4-wire configuration. Frequen-

ies were varied from 100 kHz to 0.1 Hz.

. Results and discussion

.1. EIS as a function of cathode positioning and CH4/O2 ratio

Fig. 3 first shows the EIS spectra of the small cathode cells located
t the inlet, center and outlet position of the electrolyte-supported
alf-cell anodes. Table 1 compares their low and high frequency
ntercept values which are related under our experimental condi-
ions to electrolyte resistance (RHF) and total cell resistance (Rt,cell),
espectively. On thick electrolyte cells, RHF may be used to evalu-
te the real cell temperature at the specified cathode location and
he temperature gradient that follows the combustion reactions.

able 1
haracteristic EIS values of RHF and Rt,cell as a function of the CH4/O2 ratio measured
t OCV on small cathode cells located at the inlet, center, and outlet, of identical
lectrolyte-supported half-cell anodes and for a full-size cathode.

H4/O2 RHF (� cm2) Rt,cell (� cm2)

Inlet Center Outlet Full-size Inlet Center Outlet Full-size

.0 1.16 1.52 1.58 1.77 1.64 2.74 3.34 2.85

.6 1.05 1.44 1.48 1.75 1.42 2.40 2.95 2.59

.2 0.86 1.29 1.42 1.49 1.12 1.99 2.51 2.10

.0 0.85 1.24 1.40 1.33 1.07 1.86 2.06 1.84

xperiments performed in an open GDP reactor at 700 ◦C and 450 sccm total flow
ate.
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arious CH4/O2 ratios. (a) Small LSM cathode located at the cell inlet and (b) small
GDP reactor. The 1 Hz and 1 kHz data points are marked with filled symbols.

his was shown before at CH4/O2 = 1.0 using independent measure-
ents of the ionic conductivity of the 8YSZ electrolyte (Ea = 0.81 eV

nd �o = 297 S cm−1) [17]. It will be extended here in a range of
seful CH4/O2 ratios up to 2.0.

.1.1. Temperature rise and gradient
A comparison of the EIS spectra at the cell inlet (Fig. 3a) and at

he center and outlet positions (Fig. 3b) shows RHF values consis-
ently lower at the cell inlet than anywhere else along its length.
s expected, larger elevations of temperature occur at the very far
nd of the fuel inlet due to the fast combustion processes that are
aking place in presence of the fresh methane and oxygen gas mix-
ure. Moreover, an increase in CH4/O2 also causes an increase in
he RHF value. At the inlet, for example, RHF increases from 0.85 to
.16 � cm2 from CH4/O2 = 1.0 to 2.0. The parallel increase in tem-
erature at the lowest CH4/O2 ratios has to be accounted for by a
eaction mechanism pathway at the anode that favours the more
xothermic reactions in the event that the oxygen content of the
ncoming gas is increased. Nickel is indeed poorly selective and
oth the partial and complete oxidation reactions have been found
nder single chamber conditions [16,22]. When the small cathodes
re located at the center and the outlet position of the cells, the RHF
alues are much closer to each other even more so as the CH4/O2
atios reach 1.6 and 2.0. The temperature rise trends from the out-
et to the inlet and from CH4/O2 = 2.0 to 1.0 are shown in Fig. 4.
nder our conditions, the maximum increase in cell temperature

s observed at the inlet and for CH4/O2 = 1.0. At that location, a �Tcalc
f 135 ◦C is found between the cell and the furnace. Downstream,
he increase in temperature drops sharply to about 90 ◦C at the
enter and then more slowly down to 75 ◦C at the outlet. Similar
ehaviours are found at other CH4/O2 ratios.

The above increases in temperature are impressive. Neverthe-
ess, they still represent only the average values measured by EIS at
he location of the small 1 cm2 cathodes. In reality, however, even

ore important rises are expected locally. In fact, the presence of

ot spots such as those found in fixed-bed reactors for the partial
xidation of methane to synthesis gas [23] may certainly not be
gnored, at least at the fuel cell inlet. Although such overheating in
C-SOFCs is well-known, the present work and [17] demonstrate
or the first time that the sustained combustion of the hydrocarbon
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Fig. 4. Temperature rise calculated from the high-frequency resistance (RHF) mea-
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ured by EIS on a full-size Ni-YSZ/YSZ/LSM cell as well as on small cathode electrodes
ocated at the inlet, center, and outlet of identical electrolyte-supported half-cell
nodes. Experiments performed in an open GDP reactor at 700 ◦C and 450 sccm
otal flow rate.

uel gives rise to marked exothermic heating effects at the cell
nlet, as well as to inhomogeneous temperature distributions and
teep temperature gradients along the length of the fuel cell. Such
ffects have been simply neglected before in SC-SOFCs owing to
he small surface areas (≤1 cm2) of the cells used in the laboratory
xperiments. However, one has to be aware of their possible
ontributions to the early degradation and failure of SC-SOFCs,
specially with the use of higher hydrocarbon fuels that liberate
ven larger quantities of reaction heat.

.1.2. Low frequency semicircles at the outlet cathode cell
The difference in temperature due to the combustion of methane

t the different CH4/O2 ratios not only affects RHF but also the total
ell resistance Rt,cell. Complying with the decrease in cell temper-
tures, both resistances increase with an increase in CH4/O2 and
rom the inlet to the outlet (Table 1). This expected behaviour is,
owever, accompanied at the outlet by an additional feature in the
IS spectra. As shown in Fig. 3b, an extra semicircle characterized
y a summit frequency of about 1 Hz is indeed rapidly expanding
t low frequency from CH4/O2 = 1.0 to 2.0. On the basis of cell tem-
erature alone, such behaviour is difficult to understand. At CH4/O2
atios of 1.6 and 2.0, for example, overheating at the outlet and the
enter position differs by less than 5 ◦C (Fig. 4). Such a small differ-
nce can hardly justify the presence of LF impedance at the outlet
athode only. Moreover, our previous studies on LSM symmetrical
ells showed the possibility of oxygen depletion and low frequency
emicircles [11]. However, these phenomena were observed only in
ases where the complete oxidation reaction of CH4 and the asso-
iated temperature were at their maximum. Conversely, here, the
utlet cathode is always the coldest of the three positions.

In the absence of any direct temperature effect to account for the
resence of the LF semicircles at the outlet cathode cell, the pos-
ible changes in the gas phase chemistry downstream of the fuel
ell inlet have to be considered. Indeed, the fact of moving the third
f a full-size cathode along an electrolyte-supported anode would
e similar to measuring the EIS spectra of a complete cell exposed
o the environment and the temperature found at this particular
ocation. On the cathode side, we assume that the environment first

een at each of the three locations is the actual CH4/O2 gas mixture
ntering the single chamber. Indeed, it was previously shown that
ur conditions did not favour the catalytic oxidation of methane on
SZ [3,13]. When in contact with the cathode, the environment is
apidly modified by the complete oxidation reactions forming CO2

e
C
i
c
A

Sources 186 (2009) 89–95

nd H2O. However, these reactions are less favoured at the outlet
ince cell temperatures are at their lowest there. The chemistry that
ccurs on the cathode side can thus hardly explain the presence of
he low frequency semicircle. On the anode side, the gas species are
xpected to rapidly change from the initial CH4/O2 mixture at the
nlet to a complex environment formed of the unconverted CH4
nd O2 species and of the combustion reaction products (H2, CO,
O2 and H2O) in the direction of the outlet [17]. The H2 and to
lesser extent the CO species should be more electrochemically

ctive than the methane species on the Ni-YSZ cermet. Easier reac-
ion processes would thus be expected at the anode sites that face
cathode positioned at the outlet of the cell, which negates the

ccurrence of an LF semicircle.
Factors other than the normal change in cell temperature and

as phase composition must intervene to explain the LF impedance
t the most downstream position. The LF semicircles are observed
n the setup that uses the open GDP shown in Fig. 2b. To explain
heir presence, the assumption is that rapid and major changes
ccur in the flow of the gas species going downstream over the
lectrodes. Although the plates were designed to evenly distribute
he incoming fuel mixture and the formed reaction products over
he electrodes, they obviously do not constrain the gas inside the
eactors. More precisely, sudden combustion, temperature rise and
olume expansion occur at the cell inlet and downstream. This is
ollowed by fast heat and mass transfer inside the reactors that
esults in significant increases in the gas leakage from the sides of
he distribution plates and into the cell holder. This enhanced lat-
ral flow rate affects both sides of the cells. However, the observed
ncrease in the impedance of the outlet cathode cell with a decrease
nto the O2 content of the incoming fuel mixture, i.e., with an
ncrease in CH4/O2, suggests that the process is controlled by the
xygen gas species of the cathodic reactor. It may thus be compared
o an oxygen depletion process.

To verify the above hypotheses, we tested a second small cath-
de cell at the outlet but which was this time contained within a
eactor made of the closed GDP shown in Fig. 2c. Such a design
s more restrictive since the only leakage from the sides would
ome from the unsealed current collectors pressed between the
lates and the electrodes. EIS spectra from the second outlet cath-
de cell were recorded under the same experimental conditions
s with the more open plate design. The plots obtained for these
dentical cells are compared in Fig. 5. At every CH4/O2 ratio, simi-
ar spectra are recorded except for the LF semicircles, which either
isappear or become small enough to be buried under the other

mpedance features for the cell contained between closed gas dis-
ribution plates. More experiments would probably be required to
onfirm our hypothesis of accelerated lateral flow rates and oxy-
en depletion in the cathodic reactor; however, the actual results
ith two different gas distribution plates already raise the ques-

ion of proper flow design under single chamber SOFC conditions.
s will be shown later, induced oxygen depletion in the cathode
eactor also leads to lower OCV values for the small cathode cell
hen positioned at the outlet.

.2. EIS of a complete cell (full-size cathode) as a function of the
H4/O2 ratio

The EIS spectra of the complete cell made of a full-size cathode
re shown in Fig. 6. Their characteristic values of RHF and Rt,cell
ay be compared with the individual cases above in Table 1. As
xpected, the RHF value of the full-size cathode increases with the
H4/O2 ratio due to a decrease in mean cell temperature. However,

t also becomes significantly higher than even the RHF value for the
athode positioned at the outlet, and it levels off at CH4/O2 = 2.0.
s shown in Fig. 4, �Tcalc calculated using the impedance spectra
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Table 2
Open circuit voltage of small cathode cells located at the inlet, center and outlet
of identical electrolyte-supported half-cell anodes in either an open or closed GDP
reactor.

CH4/O2 OCV (mV) (open GDP) OCV (mV) (closed GDP)

Inlet Center Outlet Outlet

2.0 1,013 997 729 1,010
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ig. 5. Impedance spectra of the Ni-YSZ/YSZ/“small-outlet-located LSM” cells in (�)
pen and (©) closed GDP reactors as a function of the CH4/O2 ratio. Experimental
onditions are at OCV, 450 sccm and 700 ◦C. The 1 Hz and 1 kHz data points are
arked with filled symbols.

ndicates that the full-size cathode cell would have a mean temper-
ture that is about 10–15 ◦C colder at a high CH4/O2 ratio than the
mall cathode cells when positioned in the center and at the outlet.
his unexpected cooling effect is explained by the combustion
rocesses that occur at the LSM cathode sintered at 1100 ◦C [11].

ndeed, on a full-size cathode, total methane oxidation is at its max-
mum level at the inlet where a fresh CH4/O2 gas mixture is allowed
o enter the reactor. Further down the length of the fuel cell, the
ull-size cathode becomes less active due to a decreasing amount
f CH4/O2 and its dilution with the reaction products. Conversely,
he small cathodes positioned at the center and at the outlet are
lways exposed to the original CH4/O2 gas mixture. As a result, they
re more reactive and the total combustion there leads to higher
emperatures than on a full-size cathode at the same location. This
eating effect in the coldest parts of the fuel cell also means that
he use of small but active cathodes to measure the temperature

ariations along a full-size anode leads to a major underestimation
f the temperature gradient downstream of the single chamber
uel cell inlet. To more precisely evaluate the temperature variation
long the anode component, it is thus preferable to use completely

ig. 6. Impedance spectra of the full-size Ni-YSZ/YSZ/LSM cell measured at OCV and
00 ◦C against various CH4/O2 ratios. Experiments performed in an open GDP reactor
nd 450 sccm total flow rate. The 1 Hz and 1 kHz data points are marked with filled
ymbols.
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.6 1,001 1,002 727 992

.2 955 970 883 972

.0 925 951 917 954

urnace temperature is 700 ◦C and total flow rate is 450 sccm.

nactive cathode materials. Gold would certainly be the best
aterial [24], but an LSM cathode sintered at a high enough

emperature may also be appropriate if the operating temperature
s not too high [11]. To this end, the catalytic activity of any cathode

aterials should be tested under real single chamber conditions.
In terms of total cell resistance, the Rt,cell values of the full-size

athode closely mirror those at the center cathode at every CH4/O2
atio (see Table 1). This is explained by the less pronounced effect
hat the oxygen depletion observed as a limiting process in the
mpedance spectra of the outlet cathode may have on the complete
ell. Indeed, Fig. 6 still shows the presence of low frequency semi-
ircles in the full-size cathode spectra. However, they are much less
redominant at high CH4/O2 ratios than for the spectra of the small
utlet cathode cell (Fig. 3b). In fact, a full-size cathode levels off the
mpedance measured at the individual small cathode cells. This is
n agreement with our previous observation [17], namely that the
esistance of the full-size cathode cell is the sum of the individual
nlet, center, and outlet cathode cells forming a parallel circuit.

.3. Performances along single chamber SOFCs as a function of
he CH4/O2 ratio (small and full-size cathodes)

Galvanodynamic cell discharge experiments under the same
onditions of furnace temperature (700 ◦C) and total flow rates
450 sccm) were also performed for the four configurations of cells
ested in the open GDP reactor. Standard E–j curves were obtained
imilar to those measured earlier at CH4/O2 = 1.0 [17]. Increasing the
H4/O2 ratio in all cases led to a general loss of maximum power
ensity, Pmax, as well as an important decrease in OCV for the cell
ade of a small cathode positioned at the outlet.
In terms of voltage variations first, Table 2 presents the OCV data

f the small inlet, center and outlet cathode cells in the open GDP
eactor that are compared to the second outlet cathode cell tested
n the closed GDP reactor. In the open reactor, the inlet and cen-
er cathodes always show normal OCV values close to 1.0 V. The
utlet cathode, however, displays major decreases with increasing
H4/O2. At CH4/O2 ≥ 1.6, OCV reaches values of only about 0.73 V.
onversely, in the closed GDP reactor, an identical small outlet cath-
de cell always exhibits normal OCV values of about 0.95–1.0 V from
H4/O2 = 1.0–2.0. This marked difference in OCV between the outlet
athodes in the open and closed GDP supports the idea of accel-
rated lateral flow rates along the cell and of oxygen depletion
t the most downstream position of the fuel cell. The use of gas
istribution plates that confine the chemical environment above
he electrodes favours maximum oxygen partial pressure over the
athode at any location downstream from the inlet gas mixture
nd restores normal cell voltage. Lastly, the full-size cathode tested
n the open GDP reactor was affected to a certain extent by the

resence of gas leakage. However, its OCV values were stable and
elatively high (between 0.90 and 0.95 V).

In terms of performance, Fig. 7 shows the variations in Pmax

s a function of the CH4/O2 ratio for every cell tested in the open
DP reactor. In the range studied, the inlet cathode cell always
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ig. 7. Maximum power densities recorded for the three small cathode positions
nd for the full-size cathode cell as a function of the CH4/O2 ratio. Experiments
erformed in an open GDP reactor at 700 ◦C and 450 sccm total flow rate.

erforms the best and the outlet cathode cell the worst. The
ull-size cathode cell has a performance that is close to the small
enter cathode. However, the actual results clearly show that
erformance is not uniform along this full-size cathode cell. On
ne hand, at CH4/O2 = 2.0, for example, the first third of the cell
hould have a mean Pmax of about 155 mW cm−2 like the small
nlet cathode cell. On the other hand, its last third should reach
nly about 40 mW cm−2, the same as for the small outlet cathode
ell. Overall, however, a mean Pmax of 84 mW cm−2 is recorded
lose to the 91 mW cm−2 obtained on the center cathode cell.

Pmax generally decreases with an increase in the CH4/O2 ratios
nd closely follows the calculated rise in temperature of the
ndividual fuel cells (Fig. 4). The latter relationship between cell
emperature and power densities was expected, however, since fuel
ell performance should be controlled by the ohmic resistance of
he thick YSZ electrolyte with our experimental conditions. The
nly exception to this rule is the outlet cathode cell. By increas-
ng the CH4/O2 ratio, its temperature comes closer to the center
athode due to the use of an active LSM material for the combus-
ion of CH4 (see Section 3.2). One would thus expect the Pmax values
o approach those measured at the center cathode at the highest
H4/O2 ratios. However, its power densities are always the lowest
nd in fact rapidly move away from the center cathode in increas-
ng the CH4/O2 ratio from 1.0 (Fig. 7). This discrepancy between the
chieved cell temperature and the recorded Pmax has to be caused
y the more pronounced effect that oxygen depletion downstream
f the cells tested in an open GDP reactor has on electrode polar-
zation resistance. As seen before in our EIS measurements, the
atter phenomenon induces an additional limiting process at low
requency, which increases as the CH4/O2 ratio rises (see Fig. 3).
nder such conditions, the performance of the outlet cathode cell
ecomes dependent on total cell resistance and not only on actual
ell temperature. A more normal dependency with the ohmic resis-
ance of the electrolyte would have been probably found inside a
losed GDP reactor.

Variations in Pmax as a function of the CH4/O2 ratio have been
tudied before on similar though anode supported Ni-YSZ cells.
acques-Bédard et al. [19] found a maximum value in Pmax at about
.5 in agreement with the maximum overheating value measured

etween 0.5 and 2.0. This ratio corresponds fairly well to the value of
.67 calculated by Hao and Goodwin [20] using a two-dimensional
umerical model. More recently, however, on a stack of two cells
onnected in series, Liu et al. [21] measured rising performances
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ith a decrease in the CH4/O2 ratios between 2.0 and 1.0. Although
n agreement with the present investigation, this better perfor-

ance at CH4/O2 = 1.0 may be fortuitous due to differences in cell
onfiguration and reactor design. Indeed, as mentioned by Hao and
oodwin [20], the optimum fuel-to-oxygen ratio is affected by the
oupling of many physical and chemical processes like temperature,
lectrode catalyst activity, electrode microstructure, flow geometry,
nd exchange current density. However, clear discrepancies exist
etween the present study and the earlier work of Jacques-Bédard
t al. [19] in spite of the very similar experimental conditions. The
ifference between both experiments essentially resides in the fuel
ells themselves and more precisely in the thickness of the anode
omponents; 50 �m in the actual electrolyte-supported cells as
ppose to more than 500 �m in the anode supported cells. This
trongly supports catalysis as the key factor involved in the two
issimilar behaviours observed here for the variations in Pmax as a
unction of the CH4/O2 ratios. Increased amounts of Ni active sites
nd a longer diffusion path in the thick anode supported cells, for
xample, may give rise to different catalytic reaction mechanisms
r new side reactions. More detailed catalytic studies as a function
f electrode materials and operating conditions would be required
o confirm the direct influence that heterogeneous catalysis may
ave on the optimum fuel-to-oxygen ratio in SC-SOFCs.

. Conclusion

The use of small cathode cells and impedance spectroscopy for
easuring the temperature along single chamber SOFCs yields mis-

eading results if the cathode materials are active for the conversion
f the hydrocarbon fuels. In such a case, they produce some unusual
eating in the coldest part of the cells and an underestimation of
he temperature gradients. This effect may be corrected by the use
f gold or perovskite materials that are sintered at high enough
emperatures.

Single chamber reactor design is especially important to lessen
he performance gradient along SC-SOFCs. Open gas distribution
lates allow extensive lateral flow rates and gas leakage away from
he electrode surfaces. They lead to oxygen depletion and lower
oltages downstream of the fuel cell inlet. As a result, they also
nduce additional low frequency semicircles in the EIS spectra
ecorded at the fuel cell outlet. These LF features rapidly expand
ith a decrease in the oxygen content of the fuel gas mixture.

he use of closed gas distribution plates that confine the environ-
ent over the electrodes prevents such gas leakage and drops in

erformance.
The sustained combustion of methane in SC-SOFCs gives rise to

harp exothermic heating especially at the fuel cell inlet, and to
steep temperature gradient along its length. On an electrolyte-

upported Ni-YSZ/YSZ/LSM cell, an increase in the CH4/O2 ratios
etween 1.0 and 2.0 results in a reduction of the heat released and,
ccordingly, of the performance. Maximum power density strongly
epends on the size of the fuel cell, especially for single cham-
er reactors that include open gas distribution plates. The present

nvestigation displayed reductions of about 50–75% of the mean
max values between the inlet and the outlet of a 3.2 cm2 cell mea-
uring 23 mm lengthwise. Hence, the findings bring up the issue
f the minimum fuel cell area in laboratory-scale SC-SOFCs exper-
ments and of practical design to achieve the best possible gas
istribution in single chamber reactors.
The authors thank the Natural Sciences and Engineering
esearch Council of Canada and Hydro-Québec for their financial
upport.
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