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a  b  s  t  r  a  c  t

Low  temperature  anode-supported  solid  oxide  fuel  cells  with  thin  films  of samarium-doped  ceria  (SDC)  as
electrolytes,  graded  porous  Ni-SDC  anodes  and  composite  La0.6Sr0.4Co0.2Fe0.8O3 (LSCF)–SDC  cathodes  are
fabricated  and  tested  with  both  hydrogen  and  methanol  fuels.  Power  densities  achieved  with  hydrogen
are  between  0.56  W cm−2 at 500 ◦C and  1.09  W  cm−2 at  600 ◦C, and  with  methanol  between  0.26  W cm−2

at  500 ◦C  and  0.82  W  cm−2 at  600 ◦C. The  difference  in  the  cell  performance  can  be attributed  to  variation  in
2

eywords:
ow temperature solid oxide fuel cells
amarium doped ceria
ethanol

the  interfacial  polarization  resistance  due  to  different  fuel  oxidation  kinetics,  e.g.,  0.21  � cm for  methanol
versus  0.10  � cm2 for hydrogen  at 600 ◦C. Further  analysis  suggests  that the leakage  current  densities  as
high as  0.80  A cm−2 at 600 ◦C and  0.11  A  cm−2 at 500 ◦C, resulting  from  the  mixed  electronic  and  ionic
conductivity  in the  SDC electrolyte  and  thus  reducing  the  fuel  efficiency,  can  nonetheless  help  remove
any  carbon  deposit  and  thereby  ensure  stable  and  coking-free  operation  of low  temperature  SOFCs  in
methanol  fuels.
. Introduction

The SOFC is an all solid-state energy conversion device that
irectly produces electricity from fuels with high efficiency and

ow emission [1].  Although traditionally intended for stationary
ower generation including combined heat and power [2,3], SOFCs
ave recently gained increasing interest for small-scale portable
nd transportation applications [4,5]. These applications prefer the
se of high energy density fuels such as methanol, ethanol, propane
nd gasoline that are readily available with existing infrastruc-
ure for transport and distribution when compared to hydrogen
s commonly used for fuel cells. Progress has been made in the
irect utilization of these non-hydrogen fuels in SOFCs, where the
oking issue at elevated temperatures were addressed by con-
rollably operating such cells above critical current densities [6],
nternally reforming hydrocarbon fuels with [7,8] or without [9]
n integration of a separate catalyst layer, or directly replacing
he state-of-the-art nickel cermets with alternative anodes such

s Cu-CeO2 [10,11] and Sr2Mg1−xMnxMoO6−ı [12].

The state-of-the-art SOFCs typically feature thin yttrium sta-
ilized zirconia (YSZ) electrolytes supported on Ni-YSZ anodes
nd can deliver current densities of ∼1.5 A cm−2 at 0.7 V and
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>750 ◦C [13,14]. Reduction in the SOFC operating temperature from
the current 700–850 ◦C down to 450–600 ◦C would bring advan-
tages of reduced materials cost, better manufacturing capability
and enhanced durability [15,16]. Furthermore, low-temperature
operation would make SOFCs much more amenable to portable
and transportation applications due to faster start up and cool
down. However, the reaction kinetics becomes increasingly slug-
gish with decreasing temperatures, thereby limiting power output
for internal reforming low-temperature SOFCs, especially for
hydrocarbon fuels. For example, the maximum power density
for low-temperature SOFCs operating on methane via internal
reforming was only 0.35 W cm−2 at 550 ◦C, but became negli-
gibly small at 450 ◦C [17]. Methanol, the simplest oxygenated
liquid hydrocarbon fuel, appears ideal for direct operation in low-
temperature SOFCs due to less thermodynamic susceptibility to
coking than other hydrocarbons and better kinetic activity due
to lower bond dissociation enthalpies. There are a few reports on
direct methanol-fueled SOFCs [18–22]. Jiang and Virkar demon-
strated the viability of directly operating the state-of-the-art thin
yttrium-stabilized zirconia (YSZ) electrolyte SOFCs with Ni-YSZ
anodes on pure methanol, yielding power densities of 1.3 W cm−2

at 800 ◦C and 0.6 W cm−2 at 650 ◦C. Further reduction in the oper-
ating temperature for such cells resulted in low power densities,
e.g., <0.2 W cm−2 at 550 ◦C [20]. Substitution of samarium doped

ceria, a higher oxygen ionic conductor, for YSZ as the thin elec-
trolyte layer increased power densities at reduced temperatures,
e.g., 0.43 and 0.22 W cm−2 at 600 and 550 ◦C [21], respectively. Note
that power densities as high as 0.5 W cm−2 at 580 ◦C were recently

dx.doi.org/10.1016/j.jpowsour.2011.08.002
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emonstrated on fuel cells with carbonate-ceria composite elec-
rolytes. However, volatility of carbonates poses almost formidable
hallenge on the durability of such cells [22]. In the present work,

 low temperature thin film SOFC was fabricated with a finely-
tructured anode active layer that enabled high power densities
hen operating on pure methanol fuels over the temperature range

f 450–600 ◦C.

. Experimental

The low-temperature SOFCs consisted of thin Ce0.85Sm0.15O1.925
SDC) electrolytes, thick Ni-SDC anode supports and composite
athodes of La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) and SDC, and were fabri-
ated as follows. Anode powders of SDC (Fuel Cell Materials, US) and
iO (Fuel Cell Materials, US) were ball-milled for 20 h with ethanol
s the medium, then 10% starch was added and ball-milled for 4 h.
he powders were dried at 80 ◦C, screened with 120-mesh sieve
nd pressed into pellets at diameters of 19 mm,  which were then
red at 800 ◦C for 4 h. A NiO–SDC anode active layer and a thin SDC
lectrolyte layer were then colloidally coated on the NiO–SDC sup-
ort. The colloidal solutions were prepared by ball milling the solid
owder (SDC electrolyte or NiO–SDC anode) in ethanol contain-

ng appropriate amounts of dispersant and binder. The thickness of
he deposited layer was controlled by the volume of the colloidal
olution applied. After co-sintering of the anode substrate/active
node/electrolyte tri-layers at 1400 ◦C for 6 h, LSCF–SDC cathode
ayers were applied. LSCF–SDC cathode inks were prepared by mix-
ng LSCF powder with SDC powder in a weight ratio of 70:30, and
hen mixing with a screen-printing vehicle in a three-roll mill.
he cathode ink was printed onto the SDC electrolyte and fired
t 1100 ◦C for 4 h. Then a pure LSCF current collecting layer was
pplied similarly and fired at 1100 ◦C for 4 h.

For fuel cell tests, the anode sides of the cells were sealed to alu-
ina tubes using a ceramic adhesive (Aremco, Ultra-Temp 552).

urrent collector grids were painted on the electrodes using Ag
nks. Single SOFCs were tested using a four-probe method in a tube
urnace at temperatures from 450 ◦C to 600 ◦C. Ambient air was

aintained on the cathode side. At the start of each test, humidified
ydrogen was flowed through the anode compartment with the cell
t 500 ◦C for ≈12 h, by which time the anode was reduced to Ni-SDC.
fter baseline testing in humidified hydrogen, methanol was  fed to

he anode chamber at a controlled injection rate of 0.1 ml  min−1. I–V
urves and electrochemical impedance spectra (EIS) were obtained
sing an IM6  Electrochemical Workstation (ZAHNER, Germany).
he frequency range for impedance measurement was  0.1 Hz to
00 kHz. The microstructure of these cells after testing was  exam-

ned using the scanning electron microscopy (JSM6390LV, JEOL).

. Results and discussion

Shown in Fig. 1 is a cross-sectional SEM image of the cell
ractured after testing. The SDC electrolyte appeared fully dense
nd had a thickness of ≈6 �m.  An independent gas permeability
easurement of the as-fired cells before the cathode application

ielded a leak rate of <1.6 × 10−18 m2 that is sufficiently low as a
as-tight layer [23], i.e.,  there were no pinholes in the thin elec-
rolyte layer even though some isolated holes were observed. As
ngineered, graded porous anodes were observed for the low-
emperature SOFCs. The anode supports were 0.6 mm thick and
xhibited a bi-modal porous microstructure with large and small
ores produced respectively from use of starch as fugitives and vol-

me  reduction associated with transformation of NiO to Ni metal.
he estimated porosity was around 50%, sufficiently high to pro-
ide quick transport of fuels, especially those with large molecular
eights like methanol. The active anode layers were ∼12 �m thick
Fig. 1. Cross-sectional SEM microstructure of low temperature SOFCs.

and showed a homogeneously fine microstructure with less poros-
ity than the anode substrates. Note that the as-fired NiO–SDC anode
active layers were nearly dense since no pore former was  used, such
that those pores resulted primarily from NiO reduction, yielding an
average pore size of 600 nm.  Using the starting powder weight ratio
of NiO:SDC = 60:40, the volume reduction on transformation from
NiO to Ni can yield a porosity of around 29%, in good agreement with
the SEM observations. Fig. 1 also shows a fine porous microstruc-
ture for the LSCF–SDC cathode and well-bonded interfaces between
the electrolyte and the two electrodes.

Fig. 2a shows the voltage V and power density P versus the cur-
rent density J for the low-temperature SOFCs directly operating on
pure methanol fuel and air oxidant. The open circuit voltage (OCV)
values were 0.82–0.90 V over the investigated temperature range,
substantially lower than thermodynamically predicted open cir-
cuit potential (OCP) values of 1.03–1.06 V. Gas leakage through the
thin electrolyte films or the surrounding ceramic seal, which would
result in low OCV values, can be excluded in the present study.
First, both the SEM observation and the permeability measurement
indicated that the electrolyte was gas tight, as discussed above.
Second, pure oxide ionic conducting YSZ-electrolyte SOFCs sealed
with the same ceramic adhesive produced a nearly theoretical OCV
values in hydrogen. The large difference between the measured
OCV and the calculated OCP can be ascribed to the intrinsic mixed
ionic and electronic conducting behaviour in SDC electrolytes that
becomes less pronounced under the fuel cell operating conditions
but nonetheless results in low electrical efficiencies.

The J–V curve at 600 ◦C featured a pronounced concentra-
tion polarization for J > 2.5 A cm−2, suggesting that methanol was
consumed at higher rate than available through diffusion along
the 0.6 mm thick porous anode substrates. At lower tempera-
tures, the J–V curves show strong activation behaviour at low

current densities with no evidence of concentration polariza-
tion at high current densities. The maximum power densities
measured were 0.82, 0.52, 0.26 and 0.11 W cm−2 at 600, 550,
500 and 450 ◦C, respectively. To the authors’ knowledge, power
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Fig. 2. Voltage and power density vs. current density for low temperature SOFCs
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Fig. 3. Nyqusit plot of electrochemical impedance spectroscopy results from the cell
at  open circuits at (a) 600 ◦C and (b) 500 ◦C. Each plot compares the cells in methanol
perated on (a) methanol and (b) humidified hydrogen.

ensities measured here are substantially higher than previously
eported values for direct methanol SOFCs at similar tempera-
ures [21,22]. Even though there is a sharp decrease in the cell
erformance with decreasing temperature, power densities of
ractical interest can be achieved at 500 ◦C. The present results
ompared favourably in terms of efficiency, durability and cost with
olymer-electrolyte direct methanol fuel cells (DMFCs) [24,25] or
ethanol-fueled solid acid fuel cells (SAFCs) [26], where a substan-

ial amount of water has to be mixed with methanol and noble
etals like Pt and/or Ru are required.
In Fig. 2b, the polarization curves are shown for comparison

f the same cell operating on humidified hydrogen. Similar OCV
alues were observed as in methanol fuel despite higher OCPs of
.13–1.16 V as thermodynamically calculated. This is not surprising
iven that the OCV also depends on the kinetics for the electrode
eactions, which are supposed to be different for the two  fuels. As
bserved for methanol, concentration polarization also occurred
t 600 ◦C for hydrogen even though the latter has a much higher
olecular diffusion coefficient, e.g., 6.1 versus 1.5 cm2 s−1 for Knud-

en diffusion in the present anodes with a mean pore radius of
.3 �m.  Additional enhancement in the cell performance is very

ikely through elaborate tailoring of the porous microstructure for
oth electrodes, thereby facilitating the gas transport and reducing
as-diffusion resistance. Nonetheless, maximum power densities

chieved in hydrogen fuels were 1.09, 0.88, 0.56 and 0.29 W cm−2

t 600, 550, 500 and 450 ◦C, respectively.
Electrochemical impedance spectroscopy was  used to deter-

ine the ohmic and non-ohmic contributions to the cell resistance.
and  hydrogen.

Fig. 3 shows the results of impedance spectroscopy measured
at open circuits from the fuel cell operating on hydrogen and
methanol at (a) 600 ◦C and (b) 500 ◦C. The high frequency inter-
cepts correspond to the ohmic losses (Ro), whereas the difference
between the high and low frequency intercepts is due to non-ohmic
losses (Rp), combined polarizations from the anode and the cathode.
As typical for thin-electrolyte SOFCs, the total cell resistance was
dominated by the interfacial polarization, e.g.,  70% at 600 ◦C and 80%
at 500 ◦C. The interfacial polarization resistance values were higher
in methanol than in hydrogen, e.g., 0.21 versus 0.10 � cm2 at 600 ◦C.
This is reasonable given that the SOFC anodes typically have more
difficulty oxidizing large fuels like CO and CH4 than oxidizing H2
[27].

Note that the pure ohmic losses were a little bit lower in hydro-
gen than in methanol, e.g.,  0.054 versus 0.067 � cm2 at 600 ◦C.
This was probably related to temperature drop in the methanol
fuel. First, decomposition of methanol over the Ni-SDC surface is
endothermic, thereby decreasing the temperature of the anode and
the electrolyte as well. Second, the internal heating of the SDC  elec-
trolyte is smaller due to a decrease in the leakage current. Based
upon the deviation of measured OCVs from thermodynamic pre-
dicted OCPs as well as the total ohmic resistance values shown
in Fig. 3a, the leakage current densities can be roughly calculated,
e.g., 0.80 A cm−2 for methanol versus 2.0 A cm−2 for hydrogen at
600 ◦C. As shown in Fig. 3b, the difference in the pure ohmic loss for
the two  fuels became smaller at lower temperatures due to slower
decomposition of methanol and smaller leakage current density.

Prior studies have shown that the cathode material and
microstructure is crucial for thin ceria-electrolyte SOFCs to achieve
high power densities at low temperatures. For example, Shao
and Haile [28] demonstrated that the maximum power den-
sity in hydrogen at 600 ◦C could attain 1.01 W cm−2 for a cell
with a novel cathode material of Ba0.5Sr0.5Co0.8Fe0.2O3−ı that
exhibited superior oxygen vacancy diffusion rate than most com-
parable mixed conducting perovskites, but dropped substantially
to only 0.50 W cm−2 for a similar cell with a Sm Sr CoO –SDC
0.5 0.5 3
cathode. Ding and Hashida [15] reported that tailoring the cath-
ode microstructure down to nano-scale can significantly increase
power densities due to dramatically enlarged surface area for
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xygen reduction reactions, e.g., ≈1.0 W cm−2 for nanostructured
SCF versus ≈0.6 W cm−2 for non-nanostructured LSCF. Note that

 common LSCF–SDC cathode was used in the present study with
on-nanostructure as fired at 1100 ◦C. The impressive high power
ensities as achieved for hydrogen as well as for methanol here
an thereby ascribed to the very thin electrolytes and/or the finely
tructured Ni-SDC active anode layer with homogeneous pores of
ypically around 600 nm,  providing more active sites for fuel oxi-
ation reactions.

The mixed conductivity of the SDC electrolyte can reduce the
uel efficiency due to the leaking current. Nonetheless, efficiency
s less critical for portable and transportation applications than
or stationary power generators. This problem can also be partly
lleviated by increasing ionic conducting domain of doped-ceria
lectrolytes with decreasing temperature. The ionic transference
umber can be roughly calculated as ti = VOC/VN, where Voc is the
easured OCV and VN is the thermodynamically predicted OCP

hat were calculated based upon the equilibrium oxygen pressure
n methanol fuels relative to ambient air [29]. With tempera-
ure decreasing from 600 ◦C to 500 ◦C, the ionic transfer number
ncreased from 0.80 to 0.85. Furthermore, under high current den-
ities, the oxygen ions transferred from the cathode could fill the
acancies and thus deplete electrons in the electrolyte, result-
ng in an expansion of the pure ionic region that starts from the
athode and extends toward the anode [30]. Overall, reduction in
he fuel efficiency can be minimized by decreasing the operating
emperature and increasing the operating current density while

aintaining reasonably power output. Note that the thin SDC elec-
rolyte remained stable irrespective of variation of oxygen partial
ressure and the ionic transference number with the current load-

ng in the fuel cell operation [29].
Susceptibility of the anode to coking formation at elevated

emperatures might be an obstacle for implementation of direct
ethanol-fueled SOFCs. To further evaluate the durability of such

uel cells in methanol, a few tests were conducted over a duration
f 60 h, exhibiting reasonable stable power densities of 0.5 W cm−2

t 0.8 A cm−2 and 600 ◦C. Even though a little bit carbon deposits
ere detected in the anode chamber, EDX analysis of the Ni-

DC active anode layer showed no sign of coking formation. In a
ore extensive study, Liu et al. [21] also demonstrated impres-

ively high stability of a similar methanol-fueled SOFC over the
emperature range of 550–650 ◦C. Despite that coking is thermo-
ynamically favourable for dry methanol over the temperature
ange of 450–600 ◦C, whether or not carbon deposits actually form
epends on space velocity and local conditions created by coupled
atalytic reforming reactions and electrochemical oxidation pro-
esses [5,31,32]. Note that methane is more susceptible to coking
han methanol, but can still work stably with the Ni-YSZ anode
y controlling the working current density above a critical value,
hich decreased with reducing the operating temperatures as a

esult of a decreasing coking formation rate. In particular, oper-
ting on methane fuels above a critical current density as low as
.1 A cm−2 could yield stable power output at 650 ◦C. As a matter
f fact, the leakage current density in the present ceria-electrolyte

OFCs can be as high as 0.80 A cm−2 at 600 ◦C and 0.11 A cm−2 at
00 ◦C. Carbon deposit, if any, can even be removed by oxygen

ntroduced into the fuels via leakage current at open circuits, not
o mention more oxygen available under current loadings.

[

[
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4. Conclusions

In summary, we have demonstrated efficient methanol oxida-
tion in low temperature ceria-electrolyte solid oxide fuel cells.
Enhanced catalysis of finely structured anodes enables maximum
power densities as high as 0.82 W cm−2 at 600 ◦C and 0.52 W cm−2

at 550 ◦C. These values are considerably larger than achieved by
DMFCs or SAFCs. While extended long-term stability has yet to be
demonstrated, combined features of high power densities, high fuel
efficiencies, excellent CO tolerances and low costs with non noble
metal catalysts would make low temperature direct methanol-
fueled SOFCs highly competitive for transportation applications.
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