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a b s t r a c t

Anode supported, micro-tubular, solid oxide fuel cells made of nickel, yttria-stabilized zirconia (Ni–YSZ)
anode, yttria-stabilized zirconia (YSZ) electrolyte and lanthanum strontium manganite (LSM) cathode
have been prepared and operated under single-chamber conditions. Four different cells with varying
cathode location/size, i.e. inlet, center, outlet and full size have been compared. The highest temperature
vailable online 18 May 2009
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rise of ∼93 ◦C and the highest power density of ∼36 mW cm−2 (at a furnace temperature of 750 ◦C with
methane/air = 25/60 mL min−1) was observed in the case of cathode-inlet configuration. The scanning
electron microscope (SEM) analysis shows that both the anode and cathode were badly damaged near
the cell inlet in case of cathode-inlet configuration. On the contrary, both of the electrodes remained
undamaged in case of cathode-outlet configuration.

© 2009 Elsevier B.V. All rights reserved.

icro-tubular

. Introduction

The conventional solid oxide fuel cells provide greater flexibility
n terms of fuel to be supplied to the anode side. They can be run
n variety of fuels including hydrogen, natural gas, biogas, diesel,
ethanol, ethanol, etc. [1]. However, most of these fuels (other than

he hydrogen) have to be converted into hydrogen (and in some
ases to carbon monoxide) either internally or externally [2]. Inter-
al fuel processing (directly in the stack) is preferred over external
in a separate catalytic reactor) one, because it can simplify the
verall design leading to higher overall efficiencies [3]. The different
pproaches generally adopted for fuel processing are steam reform-
ng, dry reforming, partial oxidation and autothermal reforming as
iven below [4]:

1) Steam reforming:
CH4 + H2O → CO + 3H2, �H = +206 kJ mol−1 (1)

2) Dry reforming:

CH4 + CO2 → 2CO + 2H2, �H = +247 kJ mol−1 (2)

∗ Corresponding author at: School of Applied Mathematics, University of Birm-
ngham, Edgbaston, Birmingham B15 2TT, UK. Tel.: +44 7726 126748;
ax: +44 121 4143389.

E-mail address: nxa675@bham.ac.uk (N. Akhtar).
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(3) Partial oxidation:

CH4 + 0.5O2 → CO + 2H2, �H = −36 kJ mol−1 (3)

(4) Autothermal reforming:

CH4 + 0.5O2 + H2O → CO2 + 3H2, �H = −77 kJ mol−1

(4)

The most widely adopted reforming process is the steam (wet)
reforming, whereas the other, namely, the dry (using carbon diox-
ide) reforming is less attractive as it gives less hydrogen yields
compared with steam reforming reaction (see Eqs. (1) and (2)).
One common thing in both of these reforming methods is their
endothermic nature, i.e. requiring heat for reaction to proceed. The
state of the art SOFC nickel/yttria-stabilized zirconia anodes are
found to be active towards steam reforming reaction; the carbon
deposition is of a major concern in nickel-based anodes [5–7]. The
high steam-to-carbon ratio is typically required to suppress carbon
formation, which can lower the electrical efficiency due to fuel dilu-
tion [2]. The other problem associated with the reforming reaction
is the strong cooling effect that can generate large thermal gradients
across the cell. It has been observed that this endothermic reaction

is very strong near the cell entrance [2].

The other less employed fuel processing technique is the partial
oxidation (Eq. (3)), which can circumvent the problem of anode cok-
ing (to a certain extent) in cases where nickel is used as the catalyst
[8]. Moreover, if pure oxygen (rather than air) is used for the par-

dx.doi.org/10.1016/j.jpowsour.2009.04.078
http://www.sciencedirect.com/science/journal/03787753
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ial oxidation then the fuel dilution problem can also be overcome
4]. Though, it is generally believed that the partial oxidation offers
ertain advantages (as mentioned above) over steam reforming,
he exothermic extent of partial oxidation in nickel-based conven-
ional SOFCs is less addressed [3,9]. Yet, there are few experimental
eports on partial oxidation using nickel anodes in SC–SOFCs stating
imilar problems of large thermal gradients as in the case of steam
eforming [10–15]. However, the nature of these thermal gradients
s exothermic (rather than endothermic as was in steam reforming)
nd can be even worse than the gradients produced during steam
eforming reaction.

In order to tackle the problem arising due to thermal gradients
eveloped in both of the above cases, the partial oxidation can oper-
te in conjunction with steam reforming via a route referred to as
utothermal reforming. This reaction is mildly exothermic, can har-
onize thermal gradients and improve hydrogen yield (Eq. (4)). In

ddition, autothermal reforming is less susceptible to carbon for-
ation as compared to steam reforming because of the presence of

oth the steam and oxygen directly at the anode [9].
Besides autothermal reforming is an attractive technique, it is

ess used in practice possibly due to very complex anode chemistry
nd because of strict control of steam-to-carbon and fuel-to-oxygen
atios under long term operation [16]. Not only in conventional
OFCs, the use of autothermal reforming in single-chamber solid
xide fuel cells (SC–SOFCs) could help minimize temperature gradi-
nts over the cell length. However, to the authors knowledge there is
o such study employing autothermal reforming in SC–SOFCs, only
hn et al. used a slightly wet methane (3% steam) in their study
n co-planar type SC–SOFCs [17]. Most of the studies reported on
C–SOFCs are based on partial oxidation reaction with a very little
iscussion on thermal counter effects [10,13]. As said earlier, the
artial oxidation is an exothermic reaction that can produce severe
hermal gradients. These gradients can develop thermal strains,
rack production, propagation, thereby resulting in a premature
ailure of the cell. Not only this, these thermal gradients could be
ven more severe if occur in the form of a thermal shock. It is there-
ore very necessary to study their contribution in affecting the cell’s

ong-term stability via thermally driven degradation mechanism.
his background led us to investigate the effect of partial oxidation
n thermal gradients in SC–SOFCs.

Single-chamber solid oxide fuel cell’s operation depends upon
atalytic activity of the anode and electro-catalytic activity of

Fig. 1. Four different cells with va
urces 195 (2010) 7818–7824 7819

the cathode [12]. Moreover, the high selectivity of both elec-
trodes towards electrochemical reaction (i.e. fuel oxidation in the
anode and oxygen reduction in the cathode) is essential for bet-
ter performance [14,15]. The catalytic activity of the electrode
materials (particularly of the anode) generates large amounts of
heat, which defines the actual cell temperature that differs sig-
nificantly from the furnace temperature [10,12,13]. The amount
of heat release depends upon many parameters such as the type
of fuel, fuel-to-oxygen ratio, flow rate, electrode materials, active
area, cathode-to-anode area ratio and the electrode placement [18].
While it is generally believed that the core reaction in the anode
(of an SC–SOFC) is a partial oxidation reaction, recently Hao et al.
[19] suggested three different reaction zones in the SC–SOFC anode.
According to them, there exists a thin outer layer in which oxy-
gen is nearly fully consumed in oxidizing methane and hydrogen,
followed by a reforming region, and then a water gas shift region
deep within the anode. The existence of a complete combustion
reaction is more severe than the partial oxidation and can generate
large amounts of exothermic heat depending upon the type of fuel
employed. Such overheating on one side might be advantageous, as
one can make use of this heat to thermally self-sustain the system
[20]. On the other hand, this can result in structural damage and
thermally driven degradation problems as will be described later
in this study.

In this study, we made an attempt to investigate the local tem-
perature distribution across the cell length with varying active area.
For this purpose four different cells with varying cathode loca-
tion/size, i.e. inlet, center, outlet and full size have been prepared
and tested. In the following discussion, all the results are normal-
ized against the corresponding geometric cathode areas. Finally,
scanning electron microscopy (SEM) analysis has been performed
in order to observe changes in the cell structure.

2. Experimental

Four different cell configurations have been prepared as

shown in Fig. 1. The cells consist of Ni–YSZ/YSZ/LSM, anode/
electrolyte/cathode assembly (Fig. 2). The geometry dimensions
and cell preparation methodology has been described in our earlier
publication [21]. The cell was kept in the center of the gas-chamber
tube with a holder. A brick furnace was controlled by a EurothermTM

rying cathode location/size.
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Fig. 2. SEM photograph of anod

402 controller with a K-type thermocouple to measure the fur-
ace temperature. An additional thermocouple was inserted into
he micro-tube to measure the anode surface temperature as
hown in Fig. 3. Since the chemical reaction is taking place at the
node (via partial or full oxidation of the methane), it was nec-
ssary to measure the temperature directly at the anode surface
ecause of large amount of heat generated at this location. The
est of the geometrical setup was the same as reported earlier in
ef. [21].

The anode surface temperature was measured at three different
ocations along the length, i.e. near the inlet (3 mm from inlet), at
he center (18 mm from inlet) and near the cell outlet (36 mm from
nlet). The active cell length was 18 mm for the cathode-inlet, center
nd outlet configurations whereas for the cathode full-size config-
ration, it was 39 mm with a total length of 55 mm for all cells. All
ells were supplied with methane/air mixture of 25/60 mL min−1.
he furnace temperature (TF) was varied from 550 to 800 ◦C and
he cell temperature was measured for all four configurations (as
escribed above).

. Results and discussion

.1. Cell temperature

In Fig. 4(a–f), cell temperature (at various furnace temper-

tures of 550–800 ◦C) is shown for inlet, center, outlet and
ull-size configurations. At low temperature such as 550 and
00 ◦C, the highest temperature rise (at the middle of the cell)

s observed in cathode-center configuration (Fig. 4(a) and (b)).

Fig. 3. Temperature measurement setup.
ctrolyte–cathode cross-section.

However, contrary to this as we move along increasing furnace
temperatures, the highest cell temperature is observed near the
cell inlet in case of cathode-full size and cathode-inlet config-
urations (Fig. 4(c–f)). Clearly the highest temperature rise in
case of cathode-full size is misleading, since it has larger active
area (A = 2.45 cm2) as compared to the other three configurations
(A = 1.13 cm2). The area-normalized values of temperature show
that with increasing furnace temperature, cathode-inlet config-
uration has the highest temperature. Furthermore, the local cell
temperature is pronounced near the cell inlet for this config-
uration. This observation is further supported by the following
arguments:

• The nickel anode seems to be active towards fresh air/fuel mix-
ture. As we move along the cell length, the mixing ratio may vary
due to catalytic and electrochemical reactions. It appears that the
reaction behaviour of nickel is very similar to that observed in
case of steam reforming (i.e. the cooling effect near the cell inlet
due to endothermic reaction). In this case, it is heating effect near
the cell inlet due to exothermic reaction.

• The cathode loses its selectivity towards electrochemical oxida-
tion (or becomes catalytically active towards methane oxidation)
as the temperature increases. The presence of cathode at the inlet
is an addition of parasitic loss (or in other words heat addition)
at that location.

• The commonly used nickel anode is not perfectly selective for
partial oxidation reaction and loses its selectivity as the tempera-
ture increases. As pointed out by Hao et al. [19], the oxygen could
be nearly fully consumed in the outermost anode region (near
the anode–gas interface) via complete combustion mechanism.
It is obvious from this argument that the increase in temperature
will promote full combustion instead of partial oxidation, thereby
further addition of heat.
It is important to note that we did not measure the cell temper-
ature for full-size configuration at TF = 800 ◦C, because of similar
expected temperature rise may reach close to the melting point
of silver and could damage the current collecting wires. Further
to this, important information coming out from cathode-center
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their hypothesis of local gas confinement resulting in higher OCV in
cathode-outlet configuration. The micro-tubular geometry is itself
acting as a closed GDP and preventing any cross-diffusion across the
electrodes. The cathode-outlet configuration further confirms the
availability of fresh air/fuel mixture with nearly unaltered oxygen
Fig. 4. Anode surface temperatures at (a) 550 ◦C, (b) 600 ◦C, (c) 650 ◦C, (d) 7

nd outlet configurations (pink and red curves in Fig. 4(d–f)) is
hat it is not only the nickel anode, which is solely responsible for
ighest temperature rise in case of cathode inlet, the presence of
athode has a greater influence. For example, the cathode-center
nd cathode-outlet configurations show a clear maximum tem-
erature rise near the center and outlet of the cell, respectively.
his effect was not that marginal at low furnace temperatures
550–600 ◦C) suggesting that the cathode activity towards methane
xidation at higher temperature could be the reason. Moreover,
he highest cell temperature in cathode-center configuration sug-
ests that the center location is acting as a heat confinement and
his effect is dominant at low temperatures (550–600 ◦C). At fur-
ace temperatures greater than 600 ◦C, the heat contribution due
o catalytic/electrochemical oxidation of fresh air/fuel mixture is
ecoming dominant.

.2. Open circuit voltage (OCV)

The effect of furnace heating on the open circuit voltage for

our different configurations is shown in Fig. 5. As can be seen
he highest OCV is observed in case of cathode-outlet configura-
ion. This observation is in good agreement with the study done
y Morel et al. [10]. They used closed gas distribution plates (GDP)
o prevent any gas leakage due to combustion resulting in volume
(e) 750 ◦C, (f) 800 ◦C furnace temperatures (methane/air = 25/60 mL min−1).

expansion. Their idea was to maintain high oxygen partial pressures
on the cathode side by confining the surrounding fresh gas mix-
ture in cathode-outlet configuration. Our study further confirms
Fig. 5. Temperature vs. open circuit voltage (methane/air = 25/60 mL min−1).
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artial pressure at the cathode located near the cell outlet. Contrary
o this the air/fuel mixture in the anode (located inside of the micro-
ube) is continuously depleted and becomes oxygen deficient when
t reaches to the cell outlet. The higher oxygen partial pressure dif-
erential across the electrodes gives a clear indication of highest
CV in cathode-outlet configuration.

The cathode-center configuration was giving very low OCV as we
ncrease furnace temperature. This can be explained by two mech-
nisms: (1) as previously mentioned the cathode parasitic losses
due to fuel oxidation) increase with increasing temperature, (2)
he gas velocity (and the amount of gas available) in the vicinity
f the center of the tube could be limited which can increase the
esidence time for parasitic reactions at the cathode located at the
enter.

.3. Output performance

For measuring the output performance, the cells were supplied

ith a methane/air mixture of 25/60 mL min−1 for all four config-

rations. The flow rate was kept very low in order to improve the
ffective fuel utilization and electrical efficiency. The highest effec-
ive fuel utilization and electrical efficiency was 2.35% and 1.13% (at
furnace temperature of 750 ◦C) for cathode-full size, respectively

Fig. 6. Performance curves at (a) 550 ◦C, (b) 600 ◦C, (c) 650 ◦C, (d) 700 ◦C
urces 195 (2010) 7818–7824

(for details about this calculation the reader should refer to Ref.
[21]). The other three configurations (i.e. cathode-inlet, center and
outlet) showed even lower fuel utilization because of less amount
of total current generated due to less active area.

Fig. 6 shows the performance curves for four configurations.
As can be seen at low temperature (less than 600 ◦C) cathode-
center configuration is giving the best performance (Fig. 6(a)).
However, as the temperature increases beyond 600 ◦C, its perfor-
mance is becoming worse than the other three configurations (see
Fig. 6(b–e)). This trend is due to steep decrease in OCV of the
cathode-center position as discussed above. It should be noted that
the OCV provides the driving force for current flow once the circuit
is opened.

All other configurations (i.e. inlet, outlet and full-size) follow
nearly same trend with increase in temperature, i.e. the elec-
trolyte conductivity improves with increasing temperature, and
therefore more current is expected. The best performance was
observed in case of cathode-inlet configuration in the tempera-

ture range of 700–750 ◦C, which is the most practical operating
regime for high temperature ionic conductor (YSZ) employed in
SC–SOFCs. The highest cell temperature in the cathode-inlet con-
figuration enhances local ionic conductivity resulting in improved
performance. Furthermore, it is also observed that with increas-

, (e) 750 ◦C furnace temperatures (methane/air = 25/60 mL min−1).
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ng temperature cathode-outlet configuration is showing improved
erformance. The next highest performance at 750 ◦C is of cathode-
utlet configuration (Fig. 6(e)). It is suggested that in this case
he inner anode is acting as a catalytic reactor up to two-
hird of the cell length, thus supplying pre-reformed reactants
such as hydrogen and carbon monoxide) to the last part of cell
here the cathode is located and to be ready for electrochemical

eactions.

.4. Structural analysis using scanning electron microscopy

The above results show that the cathode inlet configuration
as the highest temperature rise and the cathode-outlet config-
ration is undergoing less temperature gradient across the length.
e therefore analyzed these cells by taking a sample of anode and

athode surfaces near the inlet for both configurations. The SEM
hotograph (Fig. 7(a and b)) shows that both the anode and cath-
de surfaces (near the inlet) are badly damaged and cracked in case
f cathode-inlet configuration. This effect confirms the severity of

ocal temperature rise near the inlet. On the contrary, Fig. 8(a and
) shows that both the anode and cathode surfaces (near the inlet)
ere relatively undamaged and no visible crack was observed in
ase of cathode-outlet configuration.
It is therefore concluded that the local temperature may have

serious effect in structural damage that could lead into thermal
hock problems.

ig. 7. Cracked anode (a) and damaged cathode (b) near the cell inlet for cathode-
nlet configuration.
Fig. 8. Undamaged anode (a) and cathode (b) near the cell inlet for cathode-outlet
configuration.

4. Conclusions

The study shows that the highest temperature rise of ∼93 ◦C (at a
furnace temperature of 750 ◦C with methane/air = 25/60 mL min−1)
is observed in case of cathode-inlet configuration. It is also observed
that the cell inlet is more sensitive to damage because of large
exothermic heat due to fuel oxidation directly at the anode inlet.
The cathode-outlet configuration shows little temperature gradi-
ents as compared to all other configurations. This design may be
preferred because of less thermal stresses. Since the silver current
collecting wire used in this study has a fairly low melting point
(960 ◦C), it is quite possible that the generated heat may accumu-
late, raise the local temperature and finally break the silver wire.
In this case, either the replacement of current collecting wire must
be sought or the operating temperature must be kept well below
the silver melting point. The operation at low temperature does
not seem feasible because the ionic conductivity of YSZ electrolyte
sharply drops with decrease in temperature.

The present study demonstrates that the continuous heat gen-
eration can result in local hot spots and structural damage at the
cell inlet. Not only this, the inhomogeneous temperature distribu-
tions and steep temperature gradients along the length of the fuel

cell can give rise to state of compression and tension. The power
density is also highly non-uniform over the cell length because of
large variations in the ionic conductivity of the electrolyte. While
it is generally believed that this exothermic heat is useful in order
to lower the external heat demand, its negative effects have been
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imply neglected. However, it should be noted that its possible
ontribution to the early degradation and structural damage of
C–SOFCs cannot be compromised, especially with the use of higher
ydrocarbon fuels that produce even larger quantities of reaction
eat.
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