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Abstract : Single-Chamber Fuel Cells (SCFC) are an alternative way to conventional
SOFCs. Effectively, they do not require any more sealing between anodic and cathodic
compartment’s as the cell is fed with a mixture of hydrocarbon and oxygen. This paper
deals with voltage oscillations observed with a SCFC composed of GDC (Ce0.9Gd0.1O1.95)
supported electrolyte, Ni-GDC anode and a BSCF (Ba0.5Sr0.5Co0.8Fe0.2O3-δδ) cathode,
operating in the temperature range 500-600°C and under various propane and oxygen
mixtures, with a C3H8/O2 ratio between 0.2-0.66 . Electrical and Thermo-Programmed
Oxidation (TPO) measurements combined with SEM observations allowed us proving
that these oscillations are due to carbon nanowires deposition/oxidation cycles. A
mechanism is proposed to explain this behaviour.
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1. Introduction

Solid Oxide Fuel Cells have been intensively studied in the two past decades [1-3]. One of the
biggest challenges is to control the sealing procedure [4]. Alternatives Fuel Cells such as
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Single Chamber Fuel Cells (SCFC) have been proposed early in the 90ties by the group of
Hibino [5-6] who has performed the most significant developments at this period. Since this
date, SCFC have shown a growing interest and many other research groups have focussed on
this kind of device as reported in recent review papers [7-8]. Their main working principle is
reminder hereafter. In such devices, anode and cathode are directly exposed to an oxygen and
hydrocarbon mixture. The cathode must be highly selective to the oxygen adsorption, without
direct catalytic activity for hydrocarbon conversion [9]. The anode, which is generally
composed of a nickel based cermet, produces hydrogen and carbon monoxide (partial
oxidation of the hydrocarbon) that maintains a reducing atmosphere inside the anode [10], as
presented by reaction Eq.(1).

x
y
C x H y + O2 → xCO + H 2
2
2

Eq.(1)

A lot of other reactions are also known to take place at the anode, such as total oxidation of
the hydrocarbon Eq. (2), direct oxidation of hydrogen Eq. (3), or direct oxidation of carbon
monoxide Eq. (4).

y
y

C x H y +  x + O2 → xCO2 + H 2 O
4
2


Eq.(2)

1
H 2 + O2 → H 2 O
2

Eq.(3)

1
CO + O2 → CO2
2

Eq.(4)
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All these reactions are detrimental for the fuel cell operation, because reducing gases are not
electrochemically oxidized. Indeed, the main whished reaction is the electrochemical
oxidation of hydrogen Eq.(5).

H 2 + O 2− → H 2 O + 2e −

Eq.(5)

Some authors presented various cells geometries or reactors [7, 11-14], trying to improve
performances. Furthermore, a lot of hydrocarbons such as methane, ethane, propane, alcohol
were tested [15-16]. Various CxHy/O2 ratios were also tested in order to increase
performances [9]. These results generally show that the best compromise is observed for a
ratio between partial and total oxidation of the hydrocarbon. For propane, it corresponds to
C3H8/O2 ratio in the range 0.2-0.66, respectively for total and partial oxidations.

Some authors also reported open circuit voltage (OCV) oscillations [10, 17], which are
explained by oxidation Eq.(6) and reduction Eq.(7) cycles of the nickel, respectively by
oxygen and hydrocarbon:

1
Ni + O2 → NiO
2

C x H y + xNiO → xCO +

y
H 2 + xNi
2

Eq.(6)

Eq.(7)

Such OCV oscillations explained by Ni/NiO redox cycle were also observed for some
conventional dual-chamber SOFC [18]. In a previous paper dealing with SCFC, we have also
studied the specific problem of anode possible re-oxidation depending on temperature and
propane/oxygen ratio [19]. It was demonstrated that a minimum temperature, around 500-
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550°C depending on C3H8/O2, is required to avoid nickel oxidation. However, even in
conditions where anode redox cycles are not supposed to occur (stability of nickel), some
oscillations phenomena during SCFC evaluation were observed.
Another phenomenon explaining voltage oscillations is carbon deposition and combustion,
especially in conventional SOFC fed with hydrocarbon. Hydrocarbon cracking on Ni-based
anode, thus in reducing conditions, is responsible of carbon nano filaments formation [20-21].
However, in single chamber conditions, redox conditions are rather different as both anode
and cathodes are exposed to the air/hydrocarbon mixture.
Hence, in this paper, we focus our investigations in order to propose a mechanism explaining
such oscillating behaviour observed for anode electrical conductivity and SCFCs OCV on the
basis of catalytic, electrical and electrochemical characterizations.

2. Experimental

2.1. Materials & Fuel cell preparation

Electrolyte supported cells were prepared using a commercial GDC powder (Ce0,9Gd0.1O1,95)
supplied by FuelCellMaterials™, with a specific surface area of 8 m².g-1 measured by
nitrogen adsorption on Micromeritics ASAP 2000 equipment (BET method). Average particle
size was checked by laser granulometry analysis (Malvern Mastersizer 2000) and showed
three maxima at 1, 5 and 110 µm. The powder was sieved at 100 µm to remove the largest
particles. GDC powder was pressed into pellets and sintered with the following thermal
treatment: 1200°C during 6 hours, then 1350°C during 4 hours. The final pellets have a
diameter of 19 mm, are 1.5 mm thick and present 94 % relative density.
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NiO powder was supplied by Sigma-Aldrich™, and had a specific surface area of 5 m².g-1.
Laser granulometry analysis revealed a very broad particle size distribution with various
maxima, the most important being at 4 and 500 µm. To lower the average NiO particle sizes,
a grinding procedure has been applied using a planetary ball mill (stainless steel balls) at 180
rpm for 30 min. X-ray photoemission spectroscopy analyses after treatment did not show any
pollution of the surface due to grinding. Laser granulometry analysis shows that all the
agglomerates have been broken at sizes smaller than 100 µm.

The anode was prepared using 60 % wt. of NiO and 40 % wt. of GDC powders. Commercial
binder and solvent (supplied by ESL™) were used to prepare an ink which was mixed and
homogenised with an UltraTurrax™ for 20 min. The ink was deposited using screen-printing
technology (Aurel™ device) on one side of the electrolyte. Samples were treated at 130°C for
15 min to dry the ink. Five successive deposition-drying steps led to a 25 µm thickness anode
after a final annealing procedure at 1200°C during 2 hours.

For fuel cells preparation, a BSCF (Ba0.5Sr0.5Co0.8Fe0.2O3-δ) cathode was deposited on the
opposite side of the electrolyte. The powder was supplied by IRCELYON laboratory and
showed a specific surface area of 2 m².g-1. Laser granulometry analysis showed an average
particle size of 10 µm. An ink was prepared using the same binders as for the anode layer.
The cathode layer was annealed at 950°C for 2 hours. Finally, a gold commercial ink (ESL™)
was used in order to deposit a collector on the surface of the cathode, and annealed at 950°C
for 2 hours. A photograph of the obtained cell is presented in figure 1.

Figure 2 shows the cermet anode and cathode microstructures. One can see that both layers
have a homogeneous thickness, around 25 µm for the anode (Fig. 2a) and 40 µm for the
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cathode (Fig. 2b). The two layers are porous, which is required for gas diffusion. As the
objective of the present study was to investigate oscillatory phenomena occurring at anode
side, the cathode microstructure was not optimized. Figure 2b shows that the cathode may
delaminate from the GDC electrolyte. For further studies, this problem was solved by using a
30/70 wt % GDC/BSCF cathode [22].

2.2. Electrical measurements

Anode conductivity measurements were performed using in situ Van der Pauw method [23].
Four probes (using gold wires) were placed at the edges of the anode layer deposited on the
GDC pellet. Wires were stuck to the sample with a platinum paste. Attention was given to
minimize the platinum quantity and thus the contact size, both to reduce the platinum catalytic
effect and also to minimize the measurement error according to Van der Pauw criteria.

Fuel Cells were tested under two different C3H8:O2:N2 atmospheres, namely (5:5:90) and
(4:6:90) for comparison (vol. % composition). For simplification, these atmospheres are
named 5/5 and 4/6 ratios respectively. The total gas flow was 10 l/h. The 4/6 (0.66) ratio
corresponds to the stoichiometric amounts for the partial oxidation. The other one (5/5) has a
richer C3H8 quantity. These ratios were chosen because they correspond to the best catalytic
activity towards propane conversion, determined from a previous study, concerning the anode
stability under various C3H8/O2 mixtures [19]. A third ratio, 3/7 (3:7:90) has been
investigated, but it led to anodes degradation; hence, it will not be presented. Conductivity
and OCV were measured using a Keithley 2600C Sourcemeter.
The SCFC test bench is composed of a quartz tube which is inserted inside a tubular furnace.
The sample holder is a long hollow tube. The extremity of this one has been cut to create a
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holder for the sample, as shown in figure 3. Gas and wires come from the inside of the tube.
The gas flows in parallel directions to both cathode (down-side) and anode (up-side).

2.3. Thermo-Programmed oxidation (TPO)
The objective of TPO experiments is to detect possible carbon deposition on the anode during
it’s running in SCFC conditions.
A catalytic test bench, consisting of a quartz tube, an alumina protected thermocouple (close
to the sample) and a furnace was used to perform the TPO study. 10 wt% of nickel oxide
powder was mixed with α-alumina (Alpha-AesarTM), reduced with hydrogen and then treated
during two hours at 580°C with oxygen/propane mixture (either 5/5 or 4/6 ratios). After
cooling under argon, samples were placed into a 1% O2 containing atmosphere (balanced with
argon) at 10 l.h-1. A 2°C/min ramp temperature was applied and a mass spectrometer (Balzers,
OMNISTAR) was used to monitor the outlet gas concentrations, especially by measuring the
mass numbers (m/z) 44 and 28, in order to identify respectively CO2 or CO production.

3. Results

3.1. Characterization of SCFC
The as-prepared fuel-cells, more specifically the anode, need to be reduced before the tests.
However, BSCF is known to be unstable under reducing environment such as H2 atmospheres
[24-25]. This is why different tests were made in a previous study [24] using
thermogravimetry analysis to find the best compromise for this step. In this case, it has been
determined that directly injecting a C3H8/O2 mixture on the cermet was not sufficient to
reduce nickel oxide. So we decided to use H2 for a short time (2 min) to initiate the reduction
at 580°C. After this step, the complete reduction was achieved by the C3H8/O2 mixture (either
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5/5 or 4/6 ratios). This treatment was performed in situ, so it was possible to monitor the OCV
during the reduction. An example is represented in figure 4 for the 6/4 ratio. It is possible to
see that nearly two minutes after the C3H8/O2 introduction, the OCV rises suddenly up to 0.95
V and progressively stabilizes at 0.94 V. This proves that nickel is reduced and that only few
minutes are necessary to stabilize the cell.
Following the initialization treatment at 580°C, OCV measurements were done for the SCFC
under 4/6 and 5/5 C3H8/O2 ratios, at different temperatures. Results can be seen in figure 5a
and 5b respectively.
Concerning the 4/6 ratio, it can be seen that OCV decreases with increasing temperature.
Effectively, the value stabilizes at 0.92 V at 545°C and decreases to 0.895 V at 575°C. This
unexpected OCV variation in regards of ohmic loss decrease with higher temperature is
explained by local changes of the oxygen partial pressure at the electrodes. In particular, ,
catalytic activity of BSCF cathode for propane conversion strongly increases in this
temperature range, leading to lower oxygen activity gradient between anode and cathode [24].
After temperature stabilization at 575°C, it appears that the OCV remains stable, with only
small oscillations of around 2 mV of amplitude.
On the contrary, the cell tested with the 5/5 ratio has an opposite behaviour (figure 5b). OCV
decreases from 0,896 V at 580°C to 0.87-0.88V at 550°C. At 570°C, the voltage starts to
oscillate. As the temperature decreases, the oscillation amplitude increases. At 550°C, this
oscillating amplitude is around 30 mV, and remains constant.
Isothermal tests at 565°C were reproduced in order to check previous behaviour for both
C3H8/O2 ratios (figure 6). Initial OCV value is a little higher (0.935 V) but remains in the
same range than the one measured before. The cell under a 4/6 ratio mixture keeps a nearly
constant OCV value with very small oscillations with an amplitude lower than 5 mV. By
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contrast, the OCV of the cell under the 5/5 ratio decreases to 0.9 V, and an oscillating
behaviour takes place, as shown before in fig. 5b, with an amplitude close to 20 mV.
Since these observations may be the consequence of different phenomena, both fuel cells
were observed by Scanning Electron Microscopy. No differences were seen on the cathode
side. On the contrary, the anode microstructure is different, as shown in figure 7.
Initially, the anode microstructure is a porous homogeneous mixture of Ni and CGO grains
(figure 7a). After treatment at the 4/6 ratio (figure 7b), the microstructure is similar, but some
nanofibers are visible. They partially cover the anode surface. The same phenomenon is
observed for the fuel cell tested with the 5/5 ratio (figure 7c), but nanofiber quantity is much
more important, and they completely cover the anode surface. From the literature, it is
expected that these nanofibers are carbon nanotubes resulting from propane cracking due the
nickel catalytic activity [20, 21, 26].
To confirm these observations, TPO measurements were performed over nickel powder as
explained in experimental part. It was checked that no significant CO2 or CO evolving was
detected with a nickel-free (only alumina) sample. For nickel samples, no peak were observed
for signal m/z = 28, corresponding to CO production.. On the contrary, different observations
can be done for signal m/z = 44 (CO2 production). Effectively, a production of CO2 is
observed for the two samples in the range 350-600°C (figure 8). Even if this will not be
discussed hereafter, the measured signal indicates that at least two different carbon species are
present. Effectively, two different peaks can be observed for the samples. The maximum of
the first one is at 440°C and the second one around 520°C. Integration of the total CO2 peak
observed in this temperature range leads to values of 1.37x10-10 and 3.56x10-10 (a.u.) for 4/6
and 5/5 ratios respectively. This result confirm that carbon deposition is much more important
in the case of the 5/5 ratio. This is in good agreement with the previously observed SEM
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microstructures, because the carbon nanofibers are much more numerous on the anode surface
for the 5/5 tested ratio.

3.2. Electrical conductivity measurement

As the carbon is a conducting material, and to prove that the oscillating behaviour previously
observed is a consequence of the carbon nanowires presence, Van der Pauw conductivity
measurements were done over the cermet anodes. To avoid the cathode influence, the cells
were only composed of an electrolyte-supported anode, as described in experimental section.

Van der Pauw measurement method is usually used for arbitrary shape samples, and one of
the conditions is to consider that the sample is dense. Since our cermet is porous, the
measured conductivity is probably affected by the porosity and probably do not correspond to
the real one. So, we use this method for comparison between samples, by considering for
reference, reduced anode in hydrogen before exposure to propane/oxygen mixture. Hence, we
are sure that the reference is not polluted by carbon deposition. So, conductivity higher than
the reference one indicates a carbon deposition, and a lower one corresponds to nickel
oxidation [19].

Directly after H2 reduction on the prepared anode cermet, the conductivity was measured as a
function of time. Results are shown in figure 9. The obtained value is very stable and about
700 S.cm-1, which will constitute the reference value for a reduced cermet.
Results concerning 4/6 and 5/5 ratio with varying temperature are presented respectively in
figures 10 and 11.
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For 4/6 ratio (Fig. 10), after an initial stabilization time under gas (not seen in the figure), the
value reaches 860 S.cm-1 which is higher than the reference one (700 S.cm-1). It progressively
increases to approximately 900 S.cm-1. In the range 580-530°C, irregular oscillations occur,
with increasing amplitude as temperature is decreasing. Amplitudes higher than 100 S.cm-1
are visible at 530°C. At temperature lower than 530°C, the cermet starts to oxidize, as proved
by the sudden decrease of the conductivity, and in agreement with our previous study [19].
For 5/5 ratio (figure 11), the initial value is much higher than in the previous case: 1100 S.cm1

. This one remains stable between 555°C and 535°C. Below this temperature, the electrical

conductivity starts to oscillate. As observed for the 4/6 ratio, the oscillation amplitude is
increasing when the temperature is decreasing. The electrical conductivity progressively drops
to 850 S.cm-1 but remains higher than the reference one. At 520°C, the oscillations have very
high amplitude in the range 850-1050 S.cm-1. Furthermore, the temperature also starts to
oscillate with variations of 2-3°C. Below this temperature, the electrical conductivity drops
drastically, corresponding to the nickel oxidation.
To check if these oscillations are reversible, the temperature was increased from 510°C up to
535°C in the continuity of previous test. . This resulting graph (figure 12) shows that just after
the temperature increase, the electrical conductivity comes back to 1000 S.cm-1. This means
that the nickel oxide is reduced again and already covered with carbon. After stabilization of
the temperature, the conductivity starts again to oscillate.
Sample observation after test. (figure 13). clearly shows the carbon deposit at the surface of
the cermet (black appearance). The grey appearance around the Pt paste corresponds probably
to particular phenomena enhanced by the platinum (used as sticking paste) catalytic activity.
In the centre of the sample, it is possible to observe arches: such structure corresponds to
“space structures” related to oscillating reaction mechanisms which will be discussed
hereafter.
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4. Discussions

4.1. Oscillations origins

All previous results are used to explain phenomena occurring in the anode. We have shown
throughout this paper that some oscillations occur especially in the range 560-510°C. They
are pointed out by both OCV and conductivity measurements on the anode, with same type of
variations depending on temperature and C3H8/O2 ratio. This proves that the oscillations
origin come from the anode, as no cathode is present for Van der Pauw conductivity
measurement. They are much more important for the 5/5 ratio. We have also shown that if the
conductivity variations are high enough, the temperature starts to oscillate (Fig. 11) with an
identical frequency, leading to space structures of the carbon inside the anode (Fig. 13).
In the literature, two types of oscillating behaviours have been presented for SCFC or Ni
containing systems:
The first one has been attributed to the instability of nickel (redox cycles) in the presence of a
high oxygen partial pressure [10, 17-18; 27-29]. Considering this hypothesis and our
experiments, conductivities oscillations should be present, but with values below 700 S.cm-1,
measured for reduced anode (Fig. 9). Since the measurements shows conductivities values up
to 900 S.cm-1 and sometimes 1050 S.cm-1, nickel redox cycles cannot explain our
observations.
The second one is generally observed for co-planar SCFC. In this configuration, where the
anode is on the same side as the cathode, the gap between the two electrodes is a determining
factor for the performances. By reducing this gap (miniaturization), it is expected to obtain
better performances [13]. However, it is observed that below a critical gap, the OCV becomes

12

unstable due to the proximity of the anode and the cathode [30]. Then, oscillating phenomena
are generally explained by the high oxygen partial pressure gradient between the electrodes.
As all fuel-cells tested in the present study are in an opposite side configuration, and
considering that the electrolyte is thick enough (1.5 mm, 94% relative density) to avoid gas
diffusion in the electrolyte pores, this possibility cannot explain the observations made here.

The only way to explain the observed oscillating behaviour is to consider carbon
deposition/oxidation cycles. Effectively, high conductivity values obtained (900-1100 S.cm-1)
during measurements under C3H8/O2 mixtures prove that carbon is present, and this was
confirmed by SEM observations (Fig. 7).

To support this hypothesis, it is possible to consider thermal effects and temperature
oscillations (Fig. 11). The sudden rise of the electrical conductivity (at experimental time 95
min, Fig. 11) is correlated to a drop of the temperature (~ 2°C) indicating an endothermic
process. Effectively, all the reactions involving the propane decomposition to form carbon
atoms are endothermic, as for example reaction Eq.(8):

C 3 H 8 → 3C + 4 H 2

Eq.(8)

∆H° (550°C) = 125 kJ.mol-1

This reaction can explain the conductivity increase due to carbon formation and the
momentary temperature decrease due to endothermic effect.

On the contrary, conductivities drops can be explained by the oxidation of carbon nanowires
Eq. (9). TPO measurements have shown that it takes place between 350 and 600°C (Fig. 8),
13

C + O2 → CO2

Eq.(9)

∆H°(550°C) = -394 kJ.mol-1

This last reaction which is exothermic can explain both oscillating behaviour of OCV and of
conductivity. Effectively, OCV value is directly dependant on the oxygen partial pressure at
the anode. So, local oxygen consumption increases the OCV value. Furthermore, it is possible
to see also in figure 11 that when the conductivity is decreasing during an oscillation, the
temperature is rising (around 2°C). This is in agreement with the exothermic effect of Eq. (9).

As a conclusion, such a redox mechanism based on carbon formation and oxidation can
explain both OCV and anode conductivity oscillation.

4.2. Mechanism proposition

To go further with the proposed mechanism, leading to formation of space structure of
carbon, one can examine the required conditions of oscillation phenomena. Glansdorff and
Prigogine [31] have studied oscillating behaviours and found out that this type of cycling
reactions are generally obtained for systems which are far from thermodynamic equilibrium.
To be possible, they need common requirements such as:
•

An autocatalytic effect, illustrated by reaction Eq. (10)
A + X → 2X

•

Eq. (10)

The compound involved in the autocatalytic reaction (X) must act as a reactant in
another reaction Eq. (11)
X +Y → P
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Eq. (11)

Moreover, for heterogeneous systems, the system can present a space periodicity named
“dissipative space structure”. If this space structure appears, then the diffusion of one species
is involved inside the mechanism.

In our study, the autocatalytic effect is difficult to highlight because it would need further
catalytic experiments.. However, propane is known to crack on nickel, forming carbon and
hydrogen (Eq. 8). It is possible that deposited carbon participates to the following
autocatalytic effect (Eq.12).

C3 H 8 + C → 4C + 4 H 2

Eq. (12)

Then, carbon acts as “X” species involved in the autocatalytic reaction (Eq.10) and is also
reactant in carbon oxidation reaction Eq.(9). Furthermore, the mechanism is supported by
explanation of carbon nanofilament formation in the literature. Carbon is deposited from a
carbon source (hydrocarbon) on a metal particle (Ni) and then dissolves in the bulk of the
particle; then it continues to precipitate as a fiber at the surface of this considered particle
[21].

Finally, as described previously, we have observed dissipative spaces structures of carbon on
the anode. So, all hypothesis and observations for explaining oscillations are consistent with
cycling mechanism of carbon formation and oxidation.

5. Conclusions

During tests of a single chamber fuel cell under different C3H8/O2 atmospheres, oscillations of
both OCV and anode conductivity were observed. SEM observations and TPO experiments,
as well as high conductivity values

allowed us to conclude that carbon formation and
15

oxidation take place on the anode in our experimental conditions. Observations of dissipative
space structures of carbon deposit lead to propose an oscillating mechanism involving
carbon redox cycles.
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Figure caption

Figure 1: Photograph of a typical single-chamber fuel cell viewed from the cathode side, with
gold collector
Figure 2: Anode (a) and cathode (b) microstructures observed by scanning electron
microscopy on GDC support.
Figure 3: Schematic representation of the sample holder and positioning of the SCFC sample
for electrical measurements
Figure 4: OCV measurement during initialization phase of the SCFC under C3H8/O2 mixture
(6/4 ratio) at 580°C.
Figure 5: OCV measurement as a function of the temperature, under C3H8/O2 ratio 4/6 (a) and
5/5 (b)
Figure 6: OCV variation with time, at 565°C, under 4/6 and 5/5 C3H8/O2 ratios.
Figure 7: SEM of the initial anode fuel cell (a), after tests at 565°C under 4/6 (b) and 5/5 (c)
C3H8/O2 ratios.
Figure 8: TPO measurements on Ni powder tested with the 4/6 and 5/5 ratio; mass
spectrometry signals m/z= 44.
Figure 9: Electrical measurement of the cermet under hydrogen at 580°C
Figure 10: Electrical conductivity measured as a function of time and temperature for the 4/6
ratio.
Figure 11: Electrical conductivity measured as a function of the time and the temperature for
the 5/5 ratio.
Figure 12: Electrical conductivity measured as a function of the time and the temperature for
the 5/5 ratio, after a first oxidation of the nickel.
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Figure 13: Anode layer appearance after electrical measurements (5/5 ratio). The wide array
indicates positioning of the sample in regards of gas flow exposure. Thin arrays indicate space
structures.
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