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The importance of heterogeneous catalysis in single-chamber solid oxide fuel cells (SC-SOFC) is univer-
sally recognized, but little studied. This work presents a thorough investigation of the catalytic activity of
three Ni-YSZ half-cells in a well-described single-chamber reactor. One in-house electrolyte-supported
and two commercially available anode-supported half-cells composed of anodes with thicknesses rang-
ing from 50 �m to 1.52 mm are investigated. They are exposed to methane and oxygen gas mixtures
within CH4:O2 flow rate ratios (Rin) of 0.8–2.0 and furnace temperatures of 600–800 ◦C. The conversion
of methane always results in the formation of syngas species (H2 and CO). However, their yields vary
considerably based on the individual anode, the operating temperature, and R . The SC-reactor design
ingle-chamber SOFC

i-YSZ anode
atalytic activity
ethane conversion

electivity

in

and the presence of hot-spots at the reactor entrance bring the methane and oxygen conversion rates
well above the limit expected from experiments carried out with anode half-cells only. Major variations
in the H2/CO ratio are observed. In lowering the temperature from 800 ◦C to 600 ◦C, it spreads from well
below to well above the stoichiometric value of 2.0 expected for the partial oxidation reaction. To opti-
mize the SC-SOFC any further, the findings stress the need to undertake even more catalytic studies of

der a
its electrode materials un

. Introduction

Catalysis is an essential route to the operation and high per-
ormance of single-chamber solid oxide fuel cells (SC-SOFC).
ingle-chamber cells are usually made of conventional planar SOFC,
ut unlike dual-chamber configuration, however, both sides of the
embrane electrode assembly are exposed to the same ratio of

ydrocarbon-to-oxygen flow rates. To explain cell performance, it
s then common practice to assume high anode and minimum cath-
de catalytic conversion of the hydrocarbon fuel [1–6]. This allows
he anode to produce large amounts of the electrochemically active
yngas species and the cathode to keep most of its active sites free

or the electro-reduction of the oxygen gas species at the inter-
ace with the electrolyte layer. In reality, however, catalysis at the
wo single-chamber electrodes is not as straightforward as usually
escribed in the literature. Indeed, early works by Hibino et al. [7]
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ctual structure and morphology as well as final reactor configuration.
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have already shown, for example, that simple anode layers such
as nickel and Ni(Ce0.8Gd0.2O1.9, GDC) exposed to volume ratios of
methane:oxygen = 1:1 at 950 ◦C and open circuit voltage (OCV) give
rise not only to H2 and CO species but also to major quantities of
CO2 gas. Moreover, for cathode components such as La0.8Sr0.2MnO3
(LSM20), they also measured significant oxidation of the methane
gas that reaches conversions of about 20%. However, these early
catalysis studies were performed under dual-chamber instead of
single-chamber conditions.

The catalytic activity of electrode materials has been further
studied more recently to account for the SC-SOFC variations in
both OCV and maximum power densities. In a conventional flow-
through reactor, the catalytic properties of the powder anode
material Ni + (Sm0.15Ce0.85O1.925, SDC) were studied as a function
of temperature for the oxidation of propane under a substo-
ichiometric ratio of C3H8:O2 [8]. The results showed that the
ratio of partial oxidation products (CO + H2) to complete oxida-
tion products (CO2 + H2O) was temperature-dependent with higher
quantities of complete oxidation products below 650 ◦C. Even more
studies were performed on the perovskite oxide cathode mate-

rials used in SOFC [9–11]. Here, the conversion of methane or
propane was investigated as a function of temperature on powder
oxides Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF), La0.2Sr0.8Co0.8Fe0.2O3 (LSCF)
and Sm0.5Sr0.5CoO3 (SSC) and found to reach values as high as
20–40%. The materials were leading to the complete oxidation of
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he hydrocarbon fuels and to the production of almost 100% CO2 as
he carbon bearing gas species. Finally, other commonly used SOFC

aterials have been screentested by Riess [12] for their catalytic
roperties related to the direct chemical reaction.

Unfortunately, the use of oxide powders in conventional flow-
hrough reactors leads to experimental conditions that are very
ifferent than in SC-SOFC, especially in terms of flow geometry as
ell as the structure and morphology of the particulate materials
sed as the catalyst. Our previous studies on the catalytic activity
nd performance of symmetrical LSM20 cathode layers in a single-
hamber reactor have shown, for example, that the conversion
f methane was noticeably dependent on their sintering temper-
tures [13]. Under flow rates of 450 sccm CH4:Air mixtures, the
SM20 electrodes sintered at 1200 ◦C were poorly reactive below
n operating temperature of 800 ◦C. When sintered at 1100 ◦C, they
ecame reactive at 600 ◦C, with methane conversion rates reach-

ng values as high as 25% for LSM20 electrodes operated at furnace
emperatures of 750 ◦C.

Modeling of the catalytic reactions inside porous electrodes was
lso considered by Hao et al. [9,14,15] as part of an elaborate two-
imensional physical model of an SC-SOFC operating on methane
uel. Their work focused essentially on (i) the factors responsible
or SC-SOFC performance under loading: fuel-to-oxygen ratio, elec-
rolyte material, flow geometry, cell design [9,14]; (ii) the numerical
nvestigation of the heterogeneous catalytic reactions inside a
00 �m-thick Ni-YSZ anode running under CH4:O2:N2 = 2:1:4 at
50 ◦C and maximum power density [15]. In the latter case, Hao
nd Goodwin’s simulation shows three distinct regions of catalytic
ctivity through anode thickness. The results emphasize the major
ole of water vapour reforming in the production of the electro-
hemically active hydrogen, and the absence of the partial oxida-
ion reactions of methane in the production of the syngas species.

Although heterogeneous chemistry is acknowledged as a crucial
tep in the proper functioning of SC-SOFC, the above litera-
ure review shows that catalysis has not been quite thoroughly
tudied under true single-chamber conditions of flow geome-
ry and electrode microstructure. This is surprising given the
umerous applications [16], including thermoelectric, for which
ingle-chamber technology is examined, and even more so at a time
f intense research activities in SOFC in general for developing new
igh-performance materials for lower temperature operations. In
he case of SC-SOFC, it seems difficult to achieve such a develop-

ent of materials and ignore the catalytic reactions that are taking
lace on the preferential sites of the electrode components. This is
ven more important considering the competition between the cat-
lytic and electrocatalytic conversion processes once the fuel cell
s under load.

The present study thus aims to meet some acute research
eeds in the field of SC-SOFC catalysis. On a fully described single-
hamber reactor, the investigation examines the catalytic activity
f three Ni-YSZ anode layers of varying thicknesses for their
onversion of methane–air gas mixtures. From real-time mass
pectrometry (MS) analyses of the exit gas species, the work also
ssesses the resulting yield and selectivity to H2, CO and CO2. The
ehaviour of the single-chamber reactor is characterized as a func-
ion of the anode thicknesses, the incoming ratio of CH4:O2 gas flow
ates, and the operating furnace temperatures.

. Experimental

.1. Materials
The Ni-YSZ catalysts occur in the form of three anode half-cells,
ll comprising an 8YSZ electrolyte. They consist of an in-house
lectrolyte-supported half-cell and two commercially available
node-supported half-cells supplied by InDEC B.V. (H.C. Starck)
urces 196 (2011) 3713–3721

and Forschungszentrum Jülich (FJ), both well-known developers
of SOFC components.

The in-house anodes consist of two layers: (i) a thicker 45 wt%
NiO/55 wt% 8YSZ as a functional layer and (ii) a thin NiO coat-
ing added as a contact layer. The respective NiO (Baker) and 8YSZ
(Tosoh) powders are first mixed and turned into an ink through the
addition of triton (dispersant), terpineol (solvent), and PVB (binder)
[13,17]. The layers (approximately 14 mm × 23 mm) are applied
through a Doctor Blade technique on a 500-�m-thick 8YSZ mem-
brane measuring 16 mm × 25 mm. The functional layer is applied
first and dried at 150 ◦C before the addition of the NiO coating.
Final sintering of the layers is performed for 3 h at 1375 ◦C. The
total thickness of the in-house anode is around 50 �m.

The state-of-the-art anode-supported half-cells consist of
NiO/8YSZ bilayers where a thin functional layer (≤10 �m) is applied
between the assumed gastight electrolyte (<20 �m) and the much
thicker NiO/8YSZ anode substrate. The latter notably serves as the
mechanical-supporting component of the cell. Each layer has its
own composition and morphology for appropriate electrochemi-
cal conversion and fuel gas flow when operated under solid oxide
fuel cell conditions in a complete cell. For our purpose, the most
important difference between the two half-cells resides in the
thickness of their anode layers. The InDEC half-cells have a total
anode thickness of about 0.56 mm. The FJ ones are much thicker at
about 1.52 mm. This increase in thickness allows FJ to manufacture
a more porous anode substrate. No further in-depth examination
was, however, performed to characterize these individual cells in
terms of composition and microstructure. The as-received compo-
nents measured 16 mm × 25 mm.

In the following sections, the respective in-house electrolyte-
supported half-cell and the two anode-supported half-cells will be
referred to as the InHo-0.05-mm-, InDEC-0.56-mm- and FJ-1.52-
mm anodes according to their origins and thicknesses.

2.2. Single-chamber reactor

Fig. 1(a) presents a section of the single-chamber reactor setup.
The fuel half-cell and the gas distribution plates (GDP) are first
located inside a holder attached at the extremity of an internal
tube. To simulate an operating single-chamber reactor, gold mesh
current collectors (not shown) are also placed on both sides of the
half-cell and between the GDP. A screw in the holder firmly presses
against the half-cell, current collectors and GDP. The holder, plates
and internal tube are all made of alumina. This assembly is slid into
a quartz tube, and the whole assembly is then placed into a tube
furnace (not shown). A thermocouple pressed onto the half-cell on
its entry side, but outside the internal tube, serves to measure the
mean temperature. It is ceramic-coated to avoid any possible cat-
alytic effects. The internal tube is used as the fuel inlet port to the
cells. The external tube carries Ar gas at a flow rate of 700 sccm
to dilute and transport the exiting fuel and reaction products from
the half-cell holder. The external tube is connected to a quadrupole
mass spectrometer (QMS, model Prisma©from Pfeiffer-Balzers) for
gas analysis. In between and outside the furnace, a gas mixer (not
shown) ensures proper mixing of the outlet gas species.

As shown in Fig. 1(b), the bottom gas distribution plate rests
on a shoulder made into the cell holder, whereas the top plate is
left loose for the half-cell assembly in-between. In all cases, and
as schematically shown in Fig. 2 for the InDEC-0.56-mm anode,
the anode layer is facing down onto the bottom plate. Finally, the
GDP (16 mm × 25 mm) contain regularly spaced posts (Fig. 1(c))

that uniformly mix the gas over the half-cell components. Impor-
tant leakage of the gas species is prevented by the use of solid
walls around the edges. However, small leakage into the free space
in the cell holder is still possible since, as explained above, the
half-cell and the current collectors are simply pressed between
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Fig. 1. (a) Section view of the single-chamber SOFC setup; (b) 3-D view of t

he GDP. The outlet face has two ports for the exhaust gas species
nd the connecting gold wires. These GDP plates were successfully
ested before on electrolyte-supported Ni-YSZ/YSZ/LSM cells fed
ith methane gas [18]. The plates, the current collectors and the

ell form the so-called SC-SOFC reactor once a complete cell is in
se. The free volume above each side of the components is about
.34 cm3.

.3. Catalytic testing

The single-chamber reactor is operated at furnace temperatures
f 600 ◦C, 700 ◦C, and 800 ◦C. The inlet fuel is made of methane/air
ixtures kept at a constant total flow rate of 450 sccm. The cat-

lytic activity measurements are carried out as a function of CH4:O2
ow rate ratios (Rin), ranging from 0.8 to 2.0. More specifically,
he following Rin (CH4in:O2in, sccm) conditions are studied: 2.0
128.6:64.3); 1.6 (109.1:68.2); 1.2 (87.1:72.6); 1.0 (75.0:75.0); 0.8
62.1:77.6).
The QMS spectrometer is operated in a multi-channel mode for
eal-time analyses of CH4, H2, CO, CO2, O2, and H2O. However, con-
ensation along the walls prevents the water species from being
irectly quantified. In the air mixture, nitrogen is replaced with
mixture of Ar–5% He to avoid any overlapping of its mass unit

ig. 2. Front view of the SC-SOFC reactor entry side showing the InDEC-0.56-mm
node half-cell.
lf-cell holder; (c) exploded view of the half-cell and gas distribution plates.

m/z = 28 feature with the cracking patterns of CO and CO2. The
intensity of the measured signals are normalized to that of He gas
and calibrated in flow rates, taking into account the background of
the individual signals in flowing Ar–5%He gas mixtures alone. Blank
tests including a mounted YSZ electrolyte have been performed to
confirm the negligible effect of the single-chamber components in
the combustion of the fuel mixtures.

The results are expressed in terms of CH4 and O2 conversation
rates and yields of H2, CO and CO2, all in percentages, according to
the following relations:

XCH4 = (CH4in − CH4out) × 100
CH4in

(1)

XO2 = (O2in − O2out) × 100
O2in

(2)

YH2 = H2out × 100
(2 × CH4in)

(3)

YCO = COout × 100
CH4in

(4)

YCO2 = CO2out × 100
CH4in

(5)

They also are discussed against the selectivity (%), Si, to hydrogen
and carbon monoxide, as well as the H2/CO ratio defined as

Si =
(

Yi

XCH4

)
× 100 (6)

H2

CO
= 2 × YH2

YCO
(7)

Before the start of the experiments, the half-cell is first heated
at a nominal temperature of 700 ◦C and the anode reduced in
argon/methane mixtures. Short reduction times are applied accord-
ing to the procedure developed earlier [19]. With CH4 flow rates of
109.1, the time to reduction was around 6.5 min for the InHo-0.05-
mm anode, 25.0 min for the InDEC-0.56-mm anode, and 18.5 min
for the FJ-1.52-mm anode. At the end of the reduction process, air

is introduced and the CH4:O2 flow rate ratio adjusted to 2.0. The
catalytic activity measurements at 700 ◦C are then carried out in
sequence at every Rin ratio from 2.0 to 0.8. Data analysis is per-
formed once stability in the QMS signals is obtained. The catalytic
activity is subsequently examined in order at 600 ◦C and 800 ◦C.
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Table 1
Mass spectrometry results for the three Ni-YSZ anode catalysts at furnace temperatures of 600 ◦C, 700 ◦C and 800 ◦C as a function of Rin (450 sccm total flow rate).

Ni-YSZ anode Rin
a 600 ◦C 700 ◦C 800 ◦C

Conversion, % Yield, % Conversion, % Yield, % Conversion, % Yield, %

CH4 O2 H2 CO CO2 CH4 O2 H2 CO CO2 CH4 O2 H2 CO CO2

InHo-0.05-mm 2.0 22 46 12 12 10 33 58 18 25 7 43 73 21 34 6
1.6 28 46 16 16 13 39 58 19 27 10 46 71 18 32 10
1.2 33 43 16 15 18 38 51 16 21 17 47 63 14 27 17
1.0 28 36 11 9 20 36 45 12 15 21 43 52 10 20 20
0.8 20 24 6 4 18 27 31 6 6 22 31 33 6 10 20

InDEC-0.56-mm 2.0 27 54 16 13 13 38 62 25 28 9 52 85 31 42 9
1.6 33 52 20 17 16 46 63 28 31 13 56 83 27 38 15
1.2 39 50 21 16 22 47 59 23 25 21 61 79 23 35 23
1.0 37 47 16 11 27 46 54 18 19 26 62 73 18 30 28
0.8 31 37 8 5 29 36 42 9 8 30 44 48 9 14 29

FJ-1.52-mm 2.0 48 87 31 28 18 64 94 46 51 11 73 94 57 64 7
1.6 59 86 39 36 23 73 94 50 55 17 74 95 51 58 15
1.2 69 84 43 36 34 75 94 39 44 31 76 95 38 47 28
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clearly prevails at the lowest CH4:O2 ratios and even more so when
the operating temperature is at its lowest value.

Fig. 3 shows a comparison of the typical behaviour observed
in the yields of the measured combustion products, taking as an
1.0 71 82 36 27 42
0.8 68 75 25 17 51

a Ratio of CH4in to O2in flow rates (see Section 2.3).

ypically, before any new sequence of tests, the anode is reoxidized
n oxygen and reduced again either at 700 ◦C, before the tests at
00 ◦C, or at 800 ◦C. The same reduction procedure described above

s followed but the time to reduction may differ. When appropri-
te, the half-cell is left in a flowing mixture of Ar/He to prevent any
eoxidation before the new sequence of measurements. After the
ests at 600 ◦C and 800 ◦C, the catalytic activity of the anode is again
xamined at 700 ◦C to confirm its initial performance.

. Results and discussion

Table 1 provides a comprehensive overview of the catalytic
erformance found with the three Ni-YSZ anodes at the furnace
emperatures of 600 ◦C, 700 ◦C and 800 ◦C. The results for the indi-
idual anode layers appear in the form of conversion rates of the
uel mixture (CH4 and O2), and yields of the formed products (H2,
O and CO2) at every CH4:O2 flow rate ratio studied. They are more
horoughly presented in the next two sections which deal first with
n analysis of the reaction products measured at the reactor outlet,
nd second with the catalytic activity of the Ni-YSZ anodes. A third
ection examines the selectivity to the partial oxidation products
nd the H2/CO ratios for assessing the possible processes involved
n the single-chamber reactor.

.1. Yield of combustion products

An examination of Table 1 reveals that the catalytic conver-
ion of methane in the SC-reactor gives rise to the formation of
2, CO and CO2 gas species, the ratios of which vary according

o the CH4:O2 fuel mixture and the furnace temperature. Starting
ith the partial oxidation products, the yields in H2 and CO tend

o increase with an increase in Rin. This is especially true at 800 ◦C
Table 1) which also results for every half-cell in the largest pro-
uction of syngas at Rin = 2.0. There, YH2 ranges from about 21% to
7% in passing from the InHo-0.05-mm anode to the FJ-1.52-mm
node. Similarly, YCO goes from about 34% to 64%. At lower tem-
eratures, the yields show a short maximum between the ratios
.2–1.6 at 600 ◦C, and 1.6–2.0 at 700 ◦C. Comparing the individual

node layers at fixed values of Rin shows that a rise in furnace tem-
erature always results in an increasing amount of CO gas species.
or hydrogen, however, this is true only at CH4:O2 = 2.0. At lower
atios, the yield in H2 rather shows a levelling out or even a decrease
f its value.
91 34 35 41 79 94 31 39 39
83 23 23 51 82 90 20 29 52

The conversion of CH4 also results in total oxidation products.
Although the production of CO2 is not significantly affected by the
operating temperature of the SC reactor, it is however strongly
dependent on the Rin ratio. In fact, its yield steadily increases with
a rise in the oxygen content of the reactant gas mixture. In general,
it tends to level out at the lowest ratios except for the FJ-1.52-mm
anode, where a steady increase is observed down to Rin = 0.8. In
every case, however, the yield in CO total combustion product
Fig. 3. Typical variation in the yields of H2, CO and CO2 as a function of the CH4:O2

fuel flow rate ratio measured at a furnace temperature of 600 ◦C and 800 ◦C for the
InDEC-0.56-mm anode.
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Fig. 4. Conversion of methane and oxygen as a function of the CH4:O2 fuel flow rate
S. Savoie et al. / Journal of Pow

xample the InDEC-0.56-mm anode at a furnace temperature of
00 ◦C and 800 ◦C.

As shown with the previous results, it is not strictly accurate in
C-SOFC to always assume a large production of the electrochemi-
ally active H2 and CO gas species at the anode surface. Notably with
i catalysts, the partial oxidation reaction of methane is a complex
rocess. In the past, two catalytic pathways have been usually pro-
osed [20,21]: (i) the direct partial oxidation mechanism (8), and
ii) the combustion and reforming reactions mechanism (9)–(11).

H4 + 1/2O2 → CO + 2H2 (8)

H4 + 2O2 → CO2 + 2H2O (9)

H4 + H2O → CO + 3H2 (10)

H4 + CO2 → 2CO + 2H2 (11)

oreover, the propensity in forming the partial or the total oxi-
ation products depends largely on the chemical state of the Ni
atalyst. In the presence of metallic nickel (Ni) only, for exam-
le, a high yield of synthesis gas and selectivity to CO gas species
ften larger than 95% is obtained [22–25]. However, in any cat-
lytic reactor, both the reduced and the oxidized forms may coexist
epending on experimental conditions such as temperature, flow
ate, CH4:O2 ratio, gas distribution, heat and mass transport. With
ncreasing amounts of oxidized catalyst particles, the likelihood
f forming both the partial and the complete oxidation products
ncreases since the methane fuel may now also interact with the
attice oxygen of the NiO species through the following oxido-
eduction process [22–27]:

H4 + 4NiO → CO2 + 2H2O + 4Ni (12)

Ni + O2 → 2NiO (13)

n single-chamber experiments, the CH4:O2 fuel mixture that feeds
he cell is an obvious factor in the existence of both the Ni and the
iO phases. In the present investigation, however, these two phases
ay also be promoted right from the beginning by the reduction

rocesses applied before every catalytic activity sequence of mea-
urements. Indeed the very short time allowed in reducing the
ickel oxide in argon/methane mixtures (see Section 2.3) probably
oes not allow a full reduction of the sintered NiO-YSZ anode layers.
nder those conditions, the combustion of CH4 may thus proceed
n both the Ni and NiO phases, the ratio of which is largely regulated
y the oxygen content of the fuel mixture and its conversion during
he catalytic processes. Lowering the CH4:O2 ratio could favour the
ormation of NiO and result in a more significant production of CO2
elow Rin = 1.4–1.6. Although it is not easy to properly reduce the
node of a SC-SOFC by in situ processes [28], a successful proce-
ure that would leave larger amounts of Ni could possibly lead to
igher yields in partial oxidation products and better electrochemi-
al performance of complete SC-SOFC cells. While it is reasonable to
elieve in non-uniform composition of the catalyst layer along the
ingle-chamber reactor, further studies to characterize the active
ickel phase under the actual reaction conditions and various oxy-
en conversion levels should be undertaken. Similarly, long-term
xperiments may be required to examine the possibility of reducing
ompletely the remaining NiO, especially under conditions where
otal oxygen conversion at the fuel cell entrance occurs.

The usual criteria in SC-SOFC is to normally operate the fuel cells
t Rin values between 1.6 and 2.0 where the H2 and CO gas species
re expected to be at their highest level of production. Although this

ay be true at high temperature, our results on Ni-YSZ catalysts

how that yields in CO2 as important as those found for the partial
xidation products may be observed with a reduction in furnace
emperature. The case at 600 ◦C for the InHo-0.05-mm and InDEC-
.56-mm anodes is notably typical (Table 1). While in dual-chamber
ratio at an operating temperature of 600 ◦C. Solid lines: XCH4 ; dashed lines: XO2 . Black
squares: InHo-0.05-mm anode; red circles: InDEC-0.56-mm anode; green triangles:
FJ-1.52-mm anode. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

SOFC the tendency is to actually reduce the working temperature
of the fuel cells, in the case of the single-chamber SOFC one has to
be aware that too large a reduction may significantly decrease the
production of H2 and CO gas species in favour of the more complete
oxidation products. Such dilution of the electrochemically active
species may result in a lower performance of the fuel cells.

3.2. Conversion

The general trends observed in the conversion rates of methane
and oxygen as a function of the CH4:O2 ratio is given in Fig. 4 at an
operating temperature of 600 ◦C. From Rin = 2.0, a decrease in the
methane content of the fuel mixture initially produces an increase
of its conversion generally down to a ratio of 1.2–1.0. This is typi-
cal for the CH4 combustion on metal catalysts such as Ni, Rh and Pt
[29–32], and in agreement with a reaction process that is limited by
the supply of oxygen to the catalytic sites. Below these threshold
values, we generally witness an obvious decline of the CH4 con-
version rates, except for the FJ-1.52-mm anode. In the latter case,
the slight decrease observed at 600 ◦C (Fig. 4) progressively trans-
forms, at 800 ◦C, into a continual increase in XCH4 down to Rin = 0.8
(Table 1). The strong interaction between nickel and oxygen, and
the extent to which the latter is converted during the catalytic pro-
cesses, explain the behaviours observed above. In the presence of
incomplete O2 conversion reactions, as in the InHo-0.05-mm and
InDEC-0.56-mm anodes, any excess in oxygen may be used to re-
oxidize the metallic nickel into NiO and induce a fall in XCH4 . When
XO2 approaches 100% as for the FJ-1.52-mm anode at 800 ◦C, there
is no more excess in oxygen, and the nickel catalyst is left in its
most favourable metallic state for the conversion of methane.

As also shown in Fig. 4, the oxygen conversion is much larger
than the methane’s at the highest CH4:O2 ratios. The difference
is reduced when going to lower ratios, and almost disappears at
Rin = 0.8. However, as the experiments are performed at a con-
stant total flow rate of the fuel-air mixture, the mole fraction of
oxygen-to-methane converted (O2Conv/CH4Conv) in fact increases
significantly with a decrease in the CH4:O2 ratio. This is shown
in Fig. 5 for the three Ni-YSZ anodes at an operating temperature
of 800 ◦C. In this case, the mole fraction steadily rises from about
0.60–0.85 at Rin = 2.0, to a maximum of about 1.35 at Rin = 0.8. At

lower temperatures, the trends are similar except for a levelling
of the mole fraction at Rin ≥ 1.6. At 600 ◦C, this plateau-value of the
mole fraction ranges from about 0.9 to 1.0 in going from the FJ-1.52-
mm anode to the InHo-0.05-mm one. Overall, the O2Conv/CH4Conv
mole fraction nears the stoichiometric value of the partial oxidation
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Fig. 6. Conversion of methane and oxygen at CH4:O2 = 2.0 and 1.0 as a function
of the operating temperature between 600 ◦C and 800 ◦C. Solid lines: XCH4 ; dashed
ig. 5. Variation of the mole fraction of oxygen-to-methane converted as a function
f the CH4:O2 fuel flow rate ratio at an operating temperature of 800 ◦C.

eaction of methane at high temperature and Rin ratio. A decrease
n both parameters, but especially in Rin, gives rise to more com-
lete oxidation reactions and to an increase in the O2Conv/CH4Conv
ole fraction, confirming the results of the previous section on the

ields of the reaction products.
Besides the typical variations with the CH4:O2 ratio, however,

ig. 4 also shows very high conversion rates as well as major dif-
erences among the three anode layers. At 600 ◦C and Rin = 1.2, for
xample, the InHo-0.05-mm and InDEC-0.56-mm anodes oxidize
espectively about 33% and 39% of the CH4 fuel. On the FJ-1.52-mm
node, however, XCH4 reaches 70%. Clearly, with values between
bout 75% and 85% in the whole range of CH4:O2 ratio studied
O2 also shows the same sudden increase when going to the larger
node layer. Since the incoming fuel is in principle split between an
ctive anode layer and an inert YSZ electrolyte (see the Sections 2.2
nd 2.3), such high values are well above the 50% limit expected for
00% conversion in experiments performed with only one react-

ng chamber. Moreover, on the less reacting anode catalysts, XO2 is
lready reaching values near or even slightly above this 50% limit
t the highest Rin ratios. Surprisingly, these results are obtained at
he lowest operating temperature of 600 ◦C, while any increase in
emperature is expected to raise the catalytic activity even further.
his temperature effect is shown in Fig. 6 for the two limiting cases
f the CH4:O2 ratio inside the range 1.0 ≤ Rin ≤ 2.0 for syngas pro-
uction. The sharp increase observed earlier in the conversion of
ethane and oxygen in going to the FJ-1.52-mm anode generally

emains with an increase in the operating temperature. The only
xception is in comparison with the InDEC-0.56-mm anode. Indeed,
he latter shows, especially at Rin = 1.0, a more significant raise in
he conversion of methane and oxygen gas species as the tempera-
ure is increased from 700 ◦C to 800 ◦C. Furthermore, at 800 ◦C and
in = 2.0, the total conversion of oxygen on the InHo-0.05-mm and

nDEC-0.56-mm anode layers rises to 73% and 85%, respectively.
he high rates observed in XO2 could initially suggest the produc-
ion of totally inadequate conditions for the successful operation
f a complete fuel cell, especially if the cathode itself is somehow
atalyzing the fuel mixture. However, earlier studies of an InDEC-
.56-mm anode-supported Ni-YSZ/YSZ/LSM fuel cell performed in
very similar SC-reactor have shown quite typical cell behaviour

nd high electrical performance [33]. Supposedly here, the pres-
nce of a cathode may change the conversion features among the
wo chambers possibly by altering the heat transfer processes.

Various factors may contribute to the extreme conversion
oticed above and cause the step-rise increase in performance

bserved on the FJ-1.52-mm anode catalyst. Among these, the
hanges in frontal surfaces and the specific design of the actual
ingle-chamber reactor are possibly the most critical ones. As
hown in Fig. 2, the incoming fuel mixture, in entering the reac-
lines: XO2 . Black squares: InHo-0.05-mm anode; red circles: InDEC-0.56-mm anode;
green triangles: FJ-1.52-mm anode. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of the article.)

tor, is facing the fuel half-cell as well as the two gas distribution
plates. In this configuration, the latter are forming large imperme-
able solid surfaces that actually work as baffle-plates. They give rise
to an enhance mixing in front of the cell and to an increased mass
transfer of the CH4:O2 gas species to the most active sites of the
anode surface. At steady-state, these active sites are found at the
reactor entrance and especially at the frontal surface. This results
in significant temperature gradients (hot spots) under the effect
of the exothermic partial and complete oxidation reactions. Such
phenomena are well known in the catalytic oxidation of methane
[34–38], and often lead to catalyst deactivation. The improved mass
transfer process is probably sufficient by itself to raise the methane
and oxygen conversion rates to their expected maximum values.
However, when we further add the noticeable increase in frontal
surface area of the anode layers, from the thin InHo-0.05-mm to
the thick FJ-1.52-mm anode, these rates can now come close to or
even exceed the 50% limit expected for the actual reactor configu-
ration. Of course, other internal parameters such as the structure
and morphology of the individual catalyst layers, for example, will
modulate the conversion rates and lead to the recorded values.

The previous assertion still does not explain the gap observed
between the InDEC-0.56-mm and the FJ-1.52-mm anode, for exam-
ple. Under SC-SOFC conditions, however, the presence of hot spots
also results in significant mechanical stresses in the Ni-YSZ/YSZ
half-cell due to the large mismatch between the thermal expan-

sion coefficients of the anode and electrolyte components. Serious
outcomes can result such as leakage of the feeding gases through
the cell materials and, in the worst case scenario, mechanical fail-
ure. This will noticeably take place on cells made of thin and brittle
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ig. 7. Optical microscopy image of the cracking pattern observed on the FJ-1.52-
m anode-supported half-cell.

lectrolyte layers such as those found on the InDEC-0.56-mm and
J-1.52-mm anode-supported half-cells. Post-mortem examination
f the latter under optical microscopy in fact suggests a cracking
attern (Fig. 7) on the YSZ electrolyte that could originate at the

nlet and progress as far as 7–9 mm downward. According to the
esults, crack initiation should occur as early as in the first sequence
f catalytic testing at 700 ◦C and allow conversion rates well above
he InDEC-0.56-mm and InHo-0.05-mm anode half-cells even at the
owest temperature of 600 ◦C (Fig. 4). According to these results,
he presence of defects or cracking in the electrolyte layer leads
o oxidation reactions not only at the frontal surface and inside
he anode chamber, but also in the supposedly inert YSZ elec-
rolyte chamber. The presence of two reacting chambers instead
f only one thus results in conversion rates much higher than the
xpected 50% limit. The next thin film electrolyte half-cell, i.e., the
nDEC-0.56-mm anode catalyst, was shown to be crack-free under
ptical microscopy. However, examination of the anode perfor-
ance at 700 ◦C after each sequence of tests at 600 ◦C and 800 ◦C

ather suggest some cracking of the electrolyte during the 800 ◦C
atalytic testing. Indeed, the methane and oxygen conversion rates
t Rin = 2.0 were respectively 10 and 20 percentage points higher
han recorded earlier in the first sequence of tests at 700 ◦C. Crack
rowth at 800 ◦C could thus explain the progressive raise in the
onversion rates observed in Fig. 6 in the sequence from Rin = 2.0 to
.0.

Although we suspect hot spots and thermal stresses to be at
he origin of the electrolyte cracking, mechanical stresses from
he re-oxidation and reduction processes performed between each
equence of testing cannot be totally ignored. Indeed, such redox
ycles lead to large bulk volume changes and thermo-mechanical
ariations in the Ni-YSZ anode that result in destructive changes
o the thin electrolyte film or degradation of the electrochemical
erformance [39–41].

The above results thus stress the importance of designing a more
ppropriate entry layout that could at least lower the extent of the
hermal gradients and the risk of electrolyte cracking.

.3. Selectivity

As shown above, an increase in the operating temperature and

he CH4:O2 flow rate ratio favours the partial oxidation products.
owever, the presence of total combustion products is confirmed

n all conditions. An analysis of the selectivity change as a func-
ion of anode thickness, CH4:O2 ratio and temperature may shed
Fig. 8. Selectivity to H2 and CO as a function of the CH4:O2 flow rate ratio at 600 ◦C
and 800 ◦C: InHo-0.05-mm anode.

some light on the reaction processes involved in the single-chamber
reactor.

Fig. 8 first presents the general trends observed in SH2 and SCO
as a function of Rin, using the InHo-0.05-mm anode at 600 ◦C and
800 ◦C as an example. At the lowest temperature, the selectivity
of both species increases with an increase in Rin. According to the
anode layers, it is characterized either by a nearly plateau region
above Rin = 1.2 or, as shown in Fig. 8, by a maximum at Rin = 1.6.
By rising the operating temperature, a continuous increase in
selectivity occurs instead, and the maximum or plateau region dis-
appears. Both types of behaviour were observed before by Schmidt
and his colleagues on Ni and Rh catalysts deposited on �-Al2O3
[29–31]. Their experiments performed under autothermal condi-
tions resulted in maximum- or plateau-like regions in the case
of foam monolith supports or continuous increases in selectivity
under fluidized bed conditions. Not only the temperature but also
the type of support and quite probably the amount of catalyst it
contains may thus affect the selectivity response to H2 and CO with
an increase in the CH4:O2 ratios.

Thermodynamic calculations of the methane partial oxidation
system suggest that an increase in temperature favours high selec-
tivity to H2 and CO [42], at least at the highest CH4:O2 ratios. 90%
and over is thus expected in SH2 and SCO at temperatures above
700 ◦C. Published data confirm this behaviour, although maximum
values may not be reached in the case of kinetically controlled pro-
cesses [21,23,43,44]. Superior catalysts in the formation of syngas
products give rise to a H2/CO ratio close to the stoichiometric value
of 2.0 in the case where complete conversion of oxygen occurs. In
the presence of unconverted O2, however, the final selectivity to
H2 and CO largely depends either on their consecutive oxidation to
H2O and CO2 [45] or on a combination of catalytic partial oxidation
and H2 oxidation via surface chemistry [46]. Both reaction paths
result in significant lowering of the H2/CO ratios.

Our data in Fig. 8 already suggest that single-chamber reac-
tors may lead to significant departure with regard to the beneficial
effects of higher operating temperatures. Indeed, at a CH4:O2 ratio
of 2.0 and a temperature of 600 ◦C, for example, selectivity to H2
and CO is comparable at about 55%. However, at 800 ◦C, while SCO
increases to near 80%, SH2 in fact decreases to 48%. Identical trends
occur at every Rin value in the case of the InHo-0.05-mm anode. The
response to an increase in temperature varies, however, according
to the anode layers, especially at the highest Rin ratios. This is shown
in Fig. 9, where their behaviour is compared at R = 2.0 and 1.0.
in
At CH4:O2 = 2.0, an increase in anode thickness does not affect the
enhanced selectivity to CO already observed with the InHo-0.05-
mm anode. For hydrogen, however, the continuous decrease in SH2
measured at the InHo-0.05-mm anode between 600 ◦C and 800 ◦C
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Fig. 9. Selectivity to H2 and CO for the three anode layer catalysts at CH4:O2 = 2.0
and 1.0 as a function of the operating temperature. Solid lines: S ; dashed lines:
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Fig. 10. Variation in the H2/CO ratio at CH4:O2 = 2.0 and 0.8 as a function of the
operating temperature. Solid lines: Rin = 2.0; dashed lines: Rin = 0.8. Black squares:
H2

CO. Black squares: InHo-0.05-mm anode; red circles: InDEC-0.56-mm anode; green
riangles: FJ-1.52-mm anode. (For interpretation of the references to color in this
gure legend, the reader is referred to the web version of the article.)

s not always matched by the two other catalysts. In the case of the
nDEC-0.56-mm anode, SH2 first rises from 600 ◦C to 700 ◦C, but this
mprovement stopped at a higher temperature. Another increase in
node thickness is beneficial, however, and the FJ-1.52-mm anode
nally results in the expected response in SH2 , which goes from 65%
t 600 ◦C to 78% at 800 ◦C. This rise, however, is not as sharp as for
electivity to CO that reaches 88% at 800 ◦C. With an increase in
he O2 content (Fig. 9, CH4:O2 = 1.0), the rise in SCO between 600 ◦C
nd 800 ◦C is levelling out but still present, even in reducing fur-
her Rin at 0.8. For hydrogen, however, the improvement observed
reviously on the FJ-1.52-mm anode at Rin = 2.0 is rapidly lost and
H2 shows a continuous decrease at the three catalyst layers below
in = 1.6.

The variations in selectivity to hydrogen and carbon monoxide
een above may thus give rise to H2/CO ratios quite remote from
he true stoichiometric value of 2.0 expected from the simple par-
ial oxidation reaction. This is shown in Fig. 10 for the two limiting
ases of Rin = 2.0 and 0.8. At 0.8, for example, the ratio monotonically
ecreases from high values above 3.0 at 600 ◦C to low values below
.5 at 800 ◦C. Nevertheless, these data were obtained under QMS
onditions that account for the total flow of the gas species at the
eactor exit and which only give rise to average values of conver-
ion and selectivity. The partial oxidation of methane, however, is
nown to occur within at least two mechanistically different zones.
orn et al. [47], for example, confirmed the presence of an oxida-

ion zone at the catalyst entrance followed by a longer reforming
one further downstream. In the oxidation zone, the occurrence of

trong exothermic reactions was leading to the production of sig-
ificant amounts of H2, CO and H2O, as well as to the complete
onversion of oxygen. At a methane-to-oxygen ratio of 2.0, their
igh-resolution spatial chemical analyses were giving rise to H2/CO
InHo-0.05-mm anode; red circles: InDEC-0.56-mm anode; green triangles: FJ-1.52-
mm anode. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

ratios close to 1.0, in agreement with the preferential oxidation of
hydrogen in the presence of residual oxygen [45,46]. These low
ratios at the end of the oxidation zone were clearly contrasting
with the nearly stoichiometric value of 2.0 they measured at the
reactor exit. The rise was shown to come from the flow of both
the unconverted CH4 and the reaction products into the reform-
ing zone where the catalytic processes are now governed by the
steam reforming reaction and the water gas shift chemistry [48].
Using a similar combustion and reforming mechanism throughout
the reactor length, our data should thus be able to reflect the rises
in H2/CO expected in the reforming zone. Fig. 10 allows a com-
parison with the observations made by Horn at least considering
the results obtained at Rin = 2.0 and at the highest temperature of
800 ◦C where the steam reforming reaction is kinetically favoured.
In our case, the thin InHo-0.05-mm anode seems poorly capable of
reforming the remaining methane gas species. Indeed, it leads to
an H2/CO ratio of only 1.2, a value that would be more typical of
the intense catalytic activity that occurs in the oxidation zone. An
increase in the anode thicknesses, however, results in a much better
conversion and a rise in H2/CO. More precisely, the InDEC-0.56-mm
and FJ-1.52-mm anodes are reaching values of nearly 1.5 and 1.8,
respectively. Under the above conditions, the extent of the steam
reforming process along the SC-SOFC anodes proved to be strongly
dependent on the thickness of the anode layers, in agreement with
the findings made earlier in more conventional dual-chamber SOFC
[49]. Moreover, and as shown in Fig. 10 for Rin = 0.8, such depen-
dency remains with a decrease in the methane-to-oxygen ratio. As
far as the H2/CO ratios are concerned, however, they are reduced
even further, especially below Rin = 1.6. This is probably due to an
easier reoxidation of the formed hydrogen in the presence of larger
amounts of oxygen.

As briefly mentioned earlier and also shown in Fig. 10, a decrease
in furnace temperature leads to a general increase in the H2/CO
ratio despite a slowdown of the hydrogen production from the
steam reforming reaction. The rise becomes further apparent with
a reduction in Rin and a drop in temperature below 700 ◦C. At 600 ◦C
and Rin = 0.8, the H2/CO ratio may even exceed the maximum value
of 3.0 expected from the steam reforming reaction alone. This is
especially the case for the less efficient InHo-0.05-mm and InDEC-
0.56-mm anodes, where the H2/CO ratios amount to about 3.4 and
3.7, respectively. Presumably, here the increasing production of

water from the preferential oxidation of hydrogen in the oxidation
zone allows the water gas shift reaction to become the dominant
chemical route in the downstream reforming zone. Unlike the pre-
vious observations made for the steam reforming reaction at 800 ◦C,
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owever, there is no more evidence of gas transport limitation in
he Ni-YSZ anode layers. In the low temperature water gas shift
egime, the catalytic reaction and the resulting increase in H2/CO
atio may instead be dependent on catalyst loading and the par-
icle size of the individual contact and functional layers. In this
rea, however, further work would be required on anode layers,
he composition and microstructure of which should be better
ontrolled.

. Conclusions

In SC-SOFC, the direct internal conversion of the hydrocarbon
uel at the anode component ensures the formation of the elec-
rochemically active H2 and CO gas species. However, the catalytic
erformance of the anode depends on multiple structural and oper-
tional factors. On commonly used Ni-YSZ cermet, the present
tudy shed some light on the role of anode thickness, the CH4:O2
ow rate ratio and the operating temperature.

The general trend toward a reduction in the operating temper-
ture of the solid oxide fuel cells must be carefully examined in the
ase of the SC-SOFC. Indeed, both the catalytic activity and the pro-
uction of syngas are reduced significantly at lower temperatures.

n certain cases, the yields in the partial and complete oxidation
roducts are found to be just about the same, leading to significant
ilution of the H2 and CO gas species even at high CH4:O2 ratios.

n such a case, it could be of interest to evaluate the occurrence
f any further reduction in the SC-SOFC performance, beyond the
ne already expected from the simple lowering of the operating
emperature.

At elevated temperatures, other precautions must also be taken,
owever. The possible cracking of the thin electrolyte film in anode-
upported cells when hot spots are present at the fuel cell entrance
ust be carefully considered. In SC-SOFC, special attention must

hus be given to the temperature gradients at the reactor entrance
s well as to the heat transfer processes throughout the reactor. In
educing the thermal stresses in the membrane electrolyte assem-
ly, a longer fuel cell life is expected. Anode thickness must also be
arefully examined since the use of thin layers leads to a significant
eduction in hydrogen species at the reactor exit and to a lowering
n the H2/CO ratios. As hydrogen is generally considered the most
ctive electrochemical species, this may lead to reduced electrical
erformance of the complete fuel cells.

The present results finally show that any further optimization
f the SC-SOFC goes through even more catalytic studies of its elec-
rode materials under real structure and morphology as well as final
eactor configuration.
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