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bstract

A no-chamber solid-oxide fuel cell operated on a fuel-rich ethanol flame was reported. Heat produced from the combustion of ethanol thermally
ustained the fuel cell at a temperature of 500–830 ◦C. Considerable amounts of hydrogen and carbon monoxide were also produced during the
uel-rich combustion which provided the direct fuels for the fuel cell. The location of the fuel cell with respect to the flame was found to have a

ignificant effect on the fuel cell temperature and performance. The highest power density was achieved when the anode was exposed to the inner
ame. By modifying the Ni + Sm0.2Ce0.8O1.9 (SDC) anode with a thin Ru/SDC catalytic layer, the fuel cell envisaged not only an increase of the
eak power density to ∼200 mW cm−2 but also a significant improvement of the anodic coking resistance.

2007 Published by Elsevier B.V.
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. Introduction

Fuel cells represent one of the cleanest, most efficient and
ost versatile technologies for chemical-to-electrical energy

onversion [1]. Among the many types of fuel cells, solid-oxide
uel cells (SOFCs) have received considerable attention due
o their high efficiency and fuel flexibility [2,3]. Conventional
OFCs are operated in a dual-chamber configuration (Fig. 1a),

n which the cell is separated into two compartments with the
elp of sealant, with the anode chamber supplied with fuel and
he cathode chamber with air. The dual-chamber SOFC does not
equire catalytically selective electrodes, since the electrodes are
xposed to separate gas streams, and is generally considered to
e the technology of choice for large-scale stationary power
eneration. However, normally the dual-chamber configuration
s not considered suitable for portable applications in which fre-
uent and rapid start-up and shut-down are necessary, due to
arge internal stress during the heating and cooling processes

esulting from the thermal expansion mismatch between cell
omponents and sealant.

∗ Corresponding author. Tel.: +86 25 83587722; fax: +86 25 83365813.
E-mail address: shaozp@njut.edu.cn (Z. Shao).
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More recently, the concept of a single-chamber solid-oxide
uel cell (SC-SOFC) has been proposed (Fig. 1b) [4–10]. It is a
ealant-free configuration, with both electrodes exposed to the
ame premixed fuel–air mixture. The performance of the SC-
OFC depends on different catalytic selectivity of the anode
nd the cathode towards the fuel–oxidant mixture. Therefore,
he anode and cathode materials must be carefully designed.

Very recently, the innovative concept of a direct-flame fuel
ell, operated without a gas chamber, has also been proposed
Fig. 1c) [11,12]. Compared to the SC-SOFC, the flame fuel
ell configuration is even simpler. The fuel-rich flame provides
ot only the fuel, but also the heat for thermally sustaining the
uel cell, with the result that external thermal management is
nnecessary. The advantages of the direct-flame fuel cell include
ltra-simple cell configuration and highly flexible fuel selection,
ince the structure of a fuel-rich flame is similar for all kinds
f hydrocarbon fuels. Furthermore, as with the SC-SOFC, the
irect-flame fuel cell is capable of rapid start-up and ideal for
ortable applications. However, the performance of the direct-
ame fuel cell is still relatively poor [11,12], which hinders its
ractical applications.
On the other hand, ethanol is an ideal fuel, which is a non-
oxic, renewable and easily reachable resource with high energy
ensity and in liquid state at normal conditions. The application
f ethanol as a fuel for fuel cell has attracted increasing attention

mailto:shaozp@njut.edu.cn
dx.doi.org/10.1016/j.jpowsour.2007.11.004
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SOFC; (b) single-chamber SOFC; (c) flame fuel cell.
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Fig. 1. Schematic of fuel cells: (a) dual-chamber

ecently [13–18]. The direct ethanol fuel cell based on low-
emperature polymer electrolyte membrane fuel cell (PEMFC)
as been exploited in the past years [13–16]. In this paper,
e report a coking-free flame fuel cell with improved anode
y applying ethanol as fuel that doubled the performance as
ompared with ethanol fuel cell based on PEMFC. It may find
otential applications in portable power generation.

. Experimental

An electrolyte-supported fuel cell was used in this study.
m0.2Ce0.8O1.9 (SDC) was employed as the electrolyte material,
hich was prepared by a combined EDTA–citrate complexing

ol–gel process [19]. Disk-shaped membranes with a diame-
er of 15 mm were prepared by dry pressing and sintered at
350 ◦C for 5 h in air. Anode powder composed of NiO + SDC
60:40 w/w) was spray-deposited onto one central surface of
he sintered electrolyte membrane with a rectangular shape and
ffective geometric surface area of 0.48 cm2, followed by sinter-
ng at the same temperature for 5 h in air. The opposite surface
f the membrane was symmetrically spray-deposited with a thin
ayer of Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) + SDC (70:30 w/w)
omposite and sintered at 1000 ◦C for 5 h in air. For some fuel
ells, the anode surface was further screen-printed with a layer
f Ru/SDC (8 wt.%) catalyst and fired at 800 ◦C in air. Table 1
hows the detailed fuel cell compositions and processing param-
ters. The surface morphologies of the fuel cells were observed

y a scanning electron microscope (SEM, Quanra-2000). Shown
n Fig. 2 are the typical cross-sectional morphologies of the cell.

An ethanol lamp was applied to provide the flame for the
uel cells. Fig. 3 shows a schematic of the fuel cell reactor. Here,

u
c

c

able 1
etailed compositions, processing parameters and selected properties of the fuel cell

omponents Materials Fabrication methods Sin

lectrolyte SDC Dry pressing 1350
node SDC + NiO Spraying 1350
athode BSCF + SDC Spraying 1000
atalytic layer Ru/SDC Screen printing 850
ig. 2. The typical cross-sectional morphologies of the electrolyte-supported
uel cell with a Ru + SDC catalytic layer.

9.97% ethanol was used as the fuel, with a density of 0.79 g m−3

20 ◦C). The burning rate of the ethanol flame was kept con-
tant at 0.19 g min−1. The fuel cell was located above the flame
ith the anode facing the flamefront and the cathode exposed to

mbient air. Silver paste and silver wires were used as the cur-
ent collector to minimize possible catalytic activity for ethanol
eforming. A K-type thermocouple, penetrating into the flame
r attached to the fuel cell surface, was used for measuring the
pparent temperature inside the flame or fuel cell temperature.
he fuel cell performance was tested by I–V characterization

sing a digital sourcemeter (Keithley 2420) interfaced with a
omputer for data acquisition.

The flame gases were sampled via a micro-tube for in situ
omposition analysis by a mass spectrometer (Hiden QIC 20).

s

tered temperature (◦C) Sintered time (h) Thickness (�m)

5 400
5 50
5 15
0.5 40
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Fig. 3. Experimental setup for a direct-ethanol flame fuel cell.

he sampling rate was so small that it had negligible effect on
he flame shape and composition. The mass spectrometer was
umped to a pressure of ≈1 × 10−5 Torr using a turbomolecular
ump. Water and ethanol were removed from the products before
hey reached the mass spectrometer in order to avoid poisoning.
he micro-tube first sampled the ambient air for about 400 s
efore it quickly penetrated into the flame for flame composition
nalysis.

The peak at the mass-to-charge ratio of 2 in the mass spectrum
as selected for detection of H2. Although water and ethanol

ould also produce H2
+ fragments, their contributions were neg-

igible since they were removed before the gases entered the
ampling tube. The peak at m/z of 44 was selected for the detec-
ion of CO2. As to CO, since N2 and CO have the same molecule
eight of 28 and CO2 could also produce a CO+ fragment, we

annot simply take the peak at m/z of 28 to measure CO. In order
o get the CO content from the peak at m/z of 28 (Cdet), the con-

ributions from N2 and CO2 must be subtracted. We know that
he peak at m/z of 14 contributed from the characteristic frag-

ent of N2, i.e., N+, which has a fixed relative intensity of 7.2%
o that of N2

+ at m/z of 28 for a pure N2 gas. On the other hand,

r
a
t
c

Fig. 4. Schematic of the shape of an ethanol flame: (a) without fuel
Sources 177 (2008) 33–39 35

he peak intensity of CO+ from the cleaving of CO2 is 11.4%
hat of CO2

+ at m/z of 44 for a pure CO2 gas. The CO content
CCO) was then calculated as follows

CO = Cdet − CN2 − 0.114CCO2 (1)

N2 = 100 × CN

7.2
(2)

here CN is the detection content of N at m/z of 14, and CCO2 is
he detection content of CO2 at m/z of 44, in mass spectroscopy,
espectively.

. Results and discussion

As shown in Fig. 4a, the ethanol flame is characterized by a
hree-layer structure with distinguished layer colors [20]. Across
he flame from the center to outside, the layers are named as
entral flame, inner flame and outer flame, respectively. Different
rom the premixed fuel-air flame, the ethanol flame investigated
ere was created by an inter-diffusion of ethanol and oxygen.
uring the combustion, ethanol continuously diffused from the

enter of the flame to ambient atmosphere while oxygen diffused
n the reverse direction. Positioning the fuel cell on top of the
ame resulted in a change of the flame shape as shown in Fig. 4b.

A thermocouple was applied to probe the apparent temper-
ture inside the flame at different positions with and without
he fuel cell disk on top of the flame. It should be mentioned
hat temperature of a flame with a thermocouple is somewhat
ifficult, because of catalytic reactions on the thermocouple and
o radiation corrections that have to be applied. The true tem-
eratures of the flame gases are probably hundreds of degrees
otter.

As shown in Fig. 5, the flame temperature reached
00–830 ◦C, depending on the position in the flame. An increase
n the temperature was observed across the flame from the cen-
er to the outside. Positioning the fuel cell on top of the flame

esulted in a decrease of the temperature of about 10–30 ◦C. Such
decrease is easy to understand since the fuel cell increased

he heat loss from surface radiation and also presents a physi-
al barrier for oxygen diffusion. Interestingly, such a fuel cell

cell and (b) with fuel cell over the flame at different positions.
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ig. 5. Location-related temperature profiles with and without the fuel cell disk
ver the top of the flame.

emperature range was just ideal for operating the doped-ceria
ased electrolyte. Long-term stability test demonstrated that the

ell temperature was stable if the ethanol combustion rate kept
onstant and there was no environmental disturbance, which
uggests that the ethanol flame can be applied efficiently as a
eater for thermally sustaining the fuel cell, which then omits

t
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w
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Fig. 6. Gas compositions of the flame at different positions:
Sources 177 (2008) 33–39

he requirement for external thermal management and greatly
implifies the fuel cell system.

Ethanol by itself can serve as a direct fuel for an SOFC;
owever, its partial oxidation products of syngas (CO + H2) are
ar more active electrochemically. Another advantage of syngas
ver ethanol as a fuel is that the fuel cell anode is expected to be
uch less prone to carbon coking. Therefore ethanol reforming

roducts are preferred as the fuels for SOFC. It is well known that
he flame can work as a fuel reformer, and the approach of using
uel-rich flames for the production of synthesis gas via partial
xidation has been demonstrated by several authors, in particular
ith the help of porous combustors [21–23]. It was reported

hat the reaction products of a fuel-rich pre-mixed hydrocarbon
ame consist of mainly N2, CO2, H2O, CO and H2 [24]. This

s believed to be true for all kind of hydrocarbons including
aseous, liquid and solid fuels [12]. In this study, the inner and
entral flames of the ethanol flame could be considered as a
uel-rich flame with an increasing fuel-to-oxygen ratio across
he flame from outside to center, and are therefore especially
uitable for operating flame fuel cells.

In order to assess the nature of the fuel species available for

he SOFC of the ethanol flame, the ethanol flame was sampled
y a micro-quartz tube probe connected to a mass spectrometer,
here the flame composition was analyzed. Fig. 6 shows the
as composition at positions about 1 cm (central flame), 2.4 cm

(a) central flame, (b) inner flame and (c) outer flame.



ower Sources 177 (2008) 33–39 37

(
t
z
fl
w
a
s
s
a
t
t
i

p

o
fl
r
(
d
o

t
(
m
c
t
e
f
a
o
t
a
i
t
b
t
i
i
a
[

F
t

a
o
c
S

o
a
T
w
t
s
l
i
o
b
l
s
a

w
a

K. Wang et al. / Journal of P

inner flame) and 4.0 cm (outer flame) away from the center of
he flame, respectively. “Air zone” and “flame zone” mean the
ones at which mass spectrometer was sampling the air and the
ame, respectively. The transitioning zone means the region in
hich the gas probed by the mass spectrometer changes from

ir to flame products. It clearly demonstrated there was a con-
iderable amount of H2 and CO produced within the flame at
teady state. Therefore, the fuel-rich ethanol flame worked well
s a fuel reformer in this study. Our measurement showed that
he deeper into of the flame, the higher the H2 concentration and
he lower the CO2 concentration, which can be explained by the
ncreasing fuel-to-oxygen ratio across the flame.

During the ethanol combustion process many reactions are
ossible, including:

CH3CH2OH + 3O2 → 3H2O + 2CO2

(�H
◦
298 = −1365.5 kJ mol−1) (3)

CH3CH2OH + H2O → 4H2O + 2CO

(�H
◦
298 = −256.8 kJ mol−1) (4)

CH3CH2OH + 1
2 O2 → 3H2 + 2CO

(�H
◦
298 = −14.1 kJ mol−1) (5)

CH3CH2OH + 2H2O + 1
2 O2 → 5H2 + 2CO2

(�H
◦
298 = −68.5 kJ mol−1) (6)

Deep oxidation of ethanol (Eq. (3)) produces a huge amount
f heat, which accounts for the highest temperature of the outer
ame where the oxygen concentration is the highest. Under fuel-
ich condition, the combustion would be in favor of reactions
4)–(6), and consequently much more hydrogen is produced. A
ecrease in flame temperature could also be expected because
f the reduction in heat release.

Once the SOFC was positioned over the ethanol flame with
he anode facing the flame front, a positive open circuit voltage
OCV) was established in seconds while the fuel cell perfor-
ance reached steady state in minutes. Fig. 7 shows the I–V

urves of the fuel cells (stable performance) without and with
he catalytic layer on top of the anode. For both cases, the OCVs
xperienced an increase with the fuel cell moving downwards
rom the outer flame to the central flame. An OCV of 0.65, 0.70
nd 0.75 V was observed (Fig. 7(a)) for the fuel cell located
ver the outer, inner and central flames, respectively. Based on
he results in Figs. 4 and 5, the increase in OCV should be mainly
ttributed to both the decrease in fuel cell temperature and the
ncrease in fuel concentration over the anode side. At higher
emperatures, the electronic conductivity of the SDC electrolyte
ecomes more significant, which results in the internal elec-
ronic shorting of the doped ceria electrolyte and consequently

n a decreasing OCV. The maximum OCV (∼0.75 V) observed
n the current flame fuel cell was slightly higher than that obtain-
ble in an SC-SOFC employing the same fuel cell components
5,6]. In the flame fuel cell, the cathode actually breathes the

fl
0
t
e

ig. 7. The dependence of cell voltage and power density on current density of
he fuel cells: (a) without and (b) with the catalytic layer on the top of the anode.

ir, which ensures a higher oxygen partial pressure at the cath-
de than that in the SC-SOFC. In this sense, the flame fuel cell
an be considered as a kind of internal reforming dual-chamber
OFC.

A peak power density of 45, 105 and 63 mW cm−2 was
btained for the fuel cell without the catalytic layer and with the
node facing the central, inner and outer flames, respectively.
hey are comparable to the results reported by other groups
ith methane-based flame-powered fuel cells [11,12]. Although

he central flame had the highest concentration of hydrogen as
hown in Fig. 6, it also had the lowest fuel cell temperature. The
ow cell temperature significantly reduced the electrode activ-
ty and increased the ohmic resistance of the electrolyte. On the
ther hand, the outer flame had the highest fuel cell temperature,
ut the hydrogen concentration was low due to the presence of a
arge amount of oxygen. Comparatively, the inner flame demon-
trated the highest fuel cell performance since it had both an
ppropriate temperature and a favorable gas composition.

The OCV was only slightly improved when the anode surface
as deposited with a thin catalytic layer. A value of 0.66, 0.71

nd 0.77 V was obtained for the cases of outer, inner and central

ames, respectively (Fig. 7(b)), which was only 0.02, 0.01 and
.01 V higher than the case without the catalytic layer. However,
he catalytic layer greatly enhanced the fuel cell performance,
videnced by a peak power density of 60, 200 and 130 mW cm−2
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Fig. 8. SEM surface morphologies of the anode surface: (

orresponding to the central, inner and outer flames, respec-
ively. The significant improvement in performance could be due
o the catalytic activity of the Ru/SDC catalytic layer towards
thanol reformation and partial oxidation. It is well known that
he Ru/CeO2-based catalysts have superior catalytic activities
or hydrocarbon partial oxidation and reforming [25–27]. The
eposition of the Ru/CeO2-based catalyst over the anode might
hen promote the reactions (3)–(6). Kinetically, there should be
considerable amount of unreacted ethanol reaching the anode
uring the fuel cell operation after combustion. The Ru/SDC
atalytic layer heterogeneously catalyzed the ethanol to syngas
CO + H2) over the anode surface by reforming ethanol with the
O2 and H2O formed in situ or by partially oxidizing ethanol
ith the oxygen diffusing in from the ambient atmosphere. Due

o the enhanced production of syngas, which is much more
ctive electrochemically than ethanol, an increase in fuel cell
erformance should be expected.

By comparison with the SOFC in this study, the direct
thanol fuel cell based on polymer electrolyte membrane has also
eceived increased attention due to the nontoxic and renewable
haracteristics of ethanol. However, up to now, its peak power
ensity has been typically lower than 100 mW cm2 [13–16]. Our
ata shows that the direct-flame SOFC in this study delivers a
uch better performance.
Despite the remarkable improvement in power density, cok-

ng remains a problem for the flame fuel cell in some cases.
fter an operation for more than 10 h, the anode was examined
y SEM. Fig. 8 shows the SEM morphologies of the anode sur-
ace without and with the catalytic layer. Serious coking was
bserved over the fuel cell anode with bare Ni + SDC, which
ould be explained by the well-known fact that nickel catalyst
romotes hydrocarbon cracking [28]. When Ru/SDC catalytic
ayer was applied however, the anode demonstrated no carbon
eposition after the fuel cell test. This indicates that Ru/SDC
reatly improved the coking resistance of the anode, and similar
uper coking resistant properties of the Ru/CeO2-based cat-

lytic layer have also been reported in literatures [29–31]. So
e believe that this improved carbon-coking resistance of the

node is closely related to the capability of the ruthenium cat-
lyst to promote the elimination of the carbon coking by the

F
a
u

thout and (b) with the Ru + SDC catalytic layer after test.

ollowing reaction:

+ H2O → CO + H2 (7)

. Conclusions

The ethanol flame, which serves as a fuel reformer while
t the same time providing the required heat for the fuel cell
peration, was found to be an ideal power source for the flame
uel cells based on the SDC electrolyte. It was found that the
uel cell temperature and performance strongly depended on
he location of the fuel cell with respect to the flame, and the
erformance decreased in the order of inner, outer and central
ames for fuel cells both with and without the catalytic layer. A
aximum power density of 200 mW cm−2 was achieved with

he catalytic-layer-deposited anode exposed to the inner flame.
he functional catalytic layer demonstrated beneficial effects
n improving both the performance and the coking resistance of
he fuel cell. Considering the high-performance and the ultra-
imple configuration, the direct ethanol flame fuel cell reported
ere may have the potential for applications in portable power
eneration in future.

However, a few challenges remain for this type of fuel cells
nd need to be addressed by future research. (1) Thermal man-
gement. The uneven heating of the flame will induce the thermal
tress within the fuel cell and may cause it to crack. (2) Fuel
tilization. Most of the fuel is consumed by combustion and
herefore the total electrical efficiency is low. (3) System design.
lames in real situations are generally hard to control and may
ften be unstable. Despite these challenges, flame fuel cells
ould find their potential applications in scenarios where the
eed for portable power generation overrides the requirement
or high fuel utilization, and/or where heat and electricity co-
eneration is desired.
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