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a b s t r a c t

The direct utilization of methanol (MeOH) and ethanol (EtOH) was investigated on
Cu–Co(Ru)/Zr0.35Ce0.65O2 anodes for solid oxide fuel cells (SOFC) prepared by impregnation. Cells
had similar performance and stability in H2 and MeOH, while in EtOH the performance varied with
time; that is, the power density initially increased, and then declined exponentially. This behavior was
likely a consequence of carbon deposition that initially improved electronic conductivity to the anode
functional layer, and subsequently blocked active sites. For all cells, the performance was recovered
eywords:
olid oxide fuel cells
irect utilization
ethanol

thanol
irconia-doped ceria

by re-exposing the anode to humidified hydrogen. In some cases, the cell performance exceeded the
initial activity measured in hydrogen. Thus, the direct utilization of MeOH and EtOH did not irreversibly
deactivate the Co(Ru)/Zr0.35Ce0.65O2 anodes.

© 2010 Elsevier B.V. All rights reserved.
opper–cobalt

. Introduction

Solid oxide fuel cells (SOFC) convert the chemical energy in a
uel directly into electricity by an electrochemical process [1]. SOFC
perate at high temperatures (>700 ◦C) allowing the highest fuel
ersatility among all fuel cell types. Examples of future applications
or SOFC are stationary energy conversion devices such as com-
ined heat and power generators and auxiliary power units. One
f the key components in SOFC is the cathode |electrolyte| anode
ssembly. Typically, the electrolyte consists of yttria-stabilized
irconia (YSZ), an oxygen-ion conductor; the cathode, where
he reduction of oxygen takes place, is typically composed of
trontium-doped lanthanum manganite (LSM); and the anode,
here the oxidation of the fuel occurs, is typically a composite

f nickel and of the electrolyte (Ni/YSZ). Properties such as high
onic and electronic conductivity, sufficient mechanical and chemi-
al stability are of crucial importance for SOFC electrodes. Currently,
here is interest in developing SOFC for small portable power gen-

ration [2] (<10 kW), in which case it is desirable to directly use
iquid fuels rather than H2. Fuels such as methanol (MeOH) and
thanol (EtOH) [3], which are cheap, easy to store [2], and can be
roduced by renewable sources [4–7], are the best candidates for

∗ Corresponding author. Tel.: +1 403 210 9488/9589; fax: +1 403 284 4852.
E-mail addresses: max.cimenti@afcc-auto.com (M. Cimenti), jhill@ucalgary.ca
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378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.122
small portable SOFC operating in the direct utilization mode [7].
The direct utilization of hydrocarbons or alcohols in SOFC implies
that the fuel is added directly to the anode without any prelim-
inary reforming treatment and without the addition of oxidants
to achieve internal reforming. The direct utilization of alcohols is
challenging on traditional Ni/YSZ anodes because of the irreversible
deactivation caused by coking. Thus, the development of alterna-
tive anodes characterized by adequate electrochemical activity and
stability/resilience to coking is necessary [7,8].

The direct utilization of MeOH and EtOH has been tested on a
few anodic materials, such as anode-supported Ni/YSZ [9], Ni/GDC
[10], LaCoO3−ı [11], slurry-painted Cu/Gd0.1Ce0.9O2−ı [12], impreg-
nated Cu/CeO2 [13], impregnated Cu/CeO2 + ZrO2(0.1)–Sc2O3(0.9)
[14] and Fe–Ni/ZrO2(0.1)–Sc2O3(0.9) [15]. An extensive study
of the direct utilization of MeOH and EtOH on Me/CeO2 (where
Me = Ni, Cu, and Cu–Co), Ni/Zr0.35Ce0.65O2−ı (ZDC), Cu/ZDC,
La0.7Sr0.3Cr0.5Mn0.5O3−ı, La0.7Sr0.3VO3−ı, and Sr0.86Y0.08TiO3
anodes was conducted by the authors of the present study [16–18].
In summary, while Ni and Fe-containing anodes were unstable
because of coking and the subsequent irreversible delaminating of
the electrode, ceria-based anodes showed better coking-stability
but lower performance and, in the case of MeOH [13], redox

instability.

Gorte and Vohs’ group [19–21] was the first to investigate
impregnated Cu–Co/ceria anodes for the direct utilization of
methane; this composition exhibited satisfactory performance and
promising coking-stability. The primary purpose of the present

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:max.cimenti@afcc-auto.com
mailto:jhill@ucalgary.ca
dx.doi.org/10.1016/j.jpowsour.2009.12.122
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tudy was to test the performance and stability of modified
u–Co/ceria anodes, specifically Cu–Co(Ru)/Zr0.35Ce0.65O2−ı, for
he direct utilization of MeOH and EtOH. Zr0.35Ce0.65O2−ı (ZDC)
as considered because of its improved thermal-stability, bet-

er compatibility with the electrolyte, and improved oxygen-ion
onductivity [22,23] when compared to undoped ceria. Small quan-
ities (<0.5 wt.%) of ruthenium (Ru) were added to improve the
atalytic activity of the conductive layer, since Ru/CeO2 has shown
xcellent properties for the reforming of EtOH [24,25]. In this study,
e focused on the stability and reversibility of Cu–Co(Ru)/ZDC

nodes after coking.

. Experimental

.1. Preparation

Cells with Cu–Co(Ru)/ZDC anodes were prepared by impregna-
ion of a YSZ porous layer, ca. 70 �m thick, supporting a dense
SZ layer (electrolyte), ca. 50 �m thick. Porous and dense lay-
rs were obtained by tape casting, while LSM cathodes (Praxair
pecialty Ceramics), ca. 30 �m, were screen-printed as described
lsewhere [18]. Cu–Co(Ru)/ZDC anodes were obtained as follows.
r0.35Ce0.65O2 (ZDC) was deposited on the porous YSZ layer using
n aqueous solution of ZrO(NO3)2·xH2O and (NH4)2Ce(NO3)6 (Alfa
esar) at the calculated molar ratio. Impregnated cells were fired
t 723 K [18], and the impregnation procedure was repeated until
he weight of ZDC was equivalent to approximately 30 wt.% of the
SZ porous layer. Cu–Co was deposited using a saturated solution
ontaining 64.2 wt.% Cu(NO3)2·3H2O and 35.8 wt.% Co(NO3)2·6H2O
99.99% metal basis, Alfa Aesar) in isopropyl alcohol (IPA), which is
quivalent to a weight ratio of 7/3 of reduced Cu and Co, as rec-
mmended by others [20,21]. The procedure was repeated until
he metal loading was approximately 40 wt.%. The impregnation
f Ru was done in a single step using a 40 g L−1 solution of RuCl3
Alfa Aesar) in IPA, followed by calcination at 1073 K for 1 h. The
u content was estimated to be <0.5 wt.% with respect to the metal

oading. Prepared cells were assembled in the experimental set-up
escribed in detail elsewhere [18].

.2. Testing

The characteristic performance and stability of cells with
u–Co(Ru)/ZDC anodes was tested in H2, MeOH, and EtOH at
073 K. Performance was determined by measuring the steady-
tate polarization (i–V curve) and electrochemical impedance
pectroscopy (EIS). Stability was determined by monitoring the
urrent produced during a potentiostatic step of 20 h, or by com-
aring polarization curves obtained before and after exposure to
ither alcohol. Electrochemical measurements were done using a
tandard electrochemical interface (1287 Potentiostat + 1260 FRA,
olartron Analytical, U.K.). Experiments were run in triplicate for
ach alcohol type (Cells 1–3 in MeOH; Cells 4–6 in EtOH). The
ypical testing protocol was as follows. First, cells were tested in
umidified H2 (∼3 vol.% H2O) for at least 24 h. Then, the feed was
witched to pure alcohol (MeOH or EtOH) that was injected directly
o the anode compartment using a syringe pump at 2 mL h−1

equivalent to 1.37E−5 and 9.51E−6 mol s−1 of MeOH and EtOH,
espectively). After 24 h with an alcohol feed, cells were re-exposed
o humidified H2 to test the performance-reversibility after cok-

ng. One of the three cells tested with each alcohol was not
e-exposed to H2 and the carbon deposits were characterized.
uring testing the composition of the outlet gases was measured
y gas-chromatography (mGC 3000 Agilent Technologies, U.S.A.)
18,26].
Fig. 1. Initial (a) and final (b) polarization curves (filled symbols) and power density
(open symbols) for Cell 1 at 1073 K in humidified H2 (�, ©) and in pure MeOH (�,
�).

2.3. Post-testing characterization

Tested cells were analyzed by electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDX) using a XL30 envi-
ronmental scanning electron microscope (Philips). Carbon deposits
were analyzed by Temperature-Programmed Oxidation (TPO) by
heating the sample at 10 K min−1 in 10% O2 in He and monitoring
the exhaust gases with a mass spectrometer [27].

3. Results and discussion

3.1. Performance and stability in MeOH

A representative example of the polarization curves obtained
using Cu–Co(Ru)/ZDC anodes in H2 and MeOH at 1073 K is shown
in Fig. 1. The curves in Fig. 1a were obtained at the start of expo-
sure to either H2 or MeOH, while the curves in Fig. 1b were obtained
after the cell had been exposed to MeOH for 24 h. The open circuit
potential (OCP) in humidified H2 for Cell 1 was 1.075 V, which is
less than 10 mV lower than the theoretical value for the testing
conditions, indicating that the cell was sealed well. In MeOH, the
average OCP was 1.120 V but noisy (±15 mV). The average com-
position of the outlet gases from the cell was 48 vol.% H2, 25% CO,
2% HCHO, and 24% of unreacted MeOH. The concentration of CO2,
H2O, and CH4 was <1%. The theoretical OCP for this composition
and conditions is 1.250 V. The difference between measured and
theoretical OCP suggests that the local composition at the func-
tional layer may be different from the outlet; thus, there could be
concentration gradients through the electrode thickness. The max-
imum power densities obtained for this specific cell were 0.465
and 0.444 W cm−2 in humidified H2 and pure MeOH, respectively.

The maximum fuel utilization during stability testing was 1.6%,
which implies that coking was favorable as predicted by theoretical
calculations presented elsewhere [17].

The impedance spectra measured in H2 and MeOH for Cell 1
are shown in Fig. 2. In H2, the spectrum is composed by a main
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ig. 2. Impedance spectra for Cell 1 at 1073 K in H2 (white) and pure MeOH at OCP
gray) and 50 mV bias (black). The square marker corresponds to the frequencies (in
z) labeled.

epressed arc and by a smaller low-frequency arc (∼0.06 � cm2

ith peak frequency at 0.1 Hz). The main arc can be attributed to
harge-transfer reactions (mainly H2 and CO oxidation) combined
ith the effect of the ionic conductivity of the ZDC phase [28],
hile the smaller arc could be an example of gas-diffusion [29] and

as-conversion impedance [30]. However the peak-frequencies for
as-diffusion or gas-conversion impedance estimated according to
rimdahl and Mogensen [29,30] are at least one order of mag-
itude higher, thus the contribution of these processes is likely
onvoluted within the main impedance arc. The low-frequency
rc could be caused by diffusion through the porous anode, as
he microstructure of these anodes was not optimized. In MeOH,
he low-frequency arc was larger than in H2. At OCP this part of
he spectrum was noisy, while after applying a small overpotential
e.g. 50 mV in Fig. 2) the impedance signal was cleaner showing a
ow-frequency arc of ∼0.25 � cm2. As for H2, this feature could be
elated to diffusion in the anode pores and/or to the decomposition
f MeOH. The catalytic decomposition of MeOH on the anode sur-
ace generates up to 3 mol of products per mole of MeOH reacted,
ausing a convective flow from the anode surface that will hin-
er the diffusion of reactants to the active layer. Thus, the catalytic
ecomposition of MeOH could be the origin of the characteristic

ow-frequency arc observed.
Cells 1 and 2 were tested for 24 h in H2, then for 24 h in MeOH,

nd then again in H2. The stability measured in MeOH was sim-
lar to that observed in H2. The average deactivation during the
0 h at constant voltage (0.6 V) was 0.2 � cm2. Cell performances

n MeOH before and after stability tests are shown in Fig. 1a and b,
espectively. The polarization curve of the cell re-exposed to H2 is
lso shown in Fig. 1b. The performances for the three cells tested

n MeOH are summarized in Fig. 3. Note, Cell 3 was used for the
PO analysis and so was not exposed to humidified H2 after MeOH.
he variability (±15%) in performance between samples could be
result of the preparation procedure, which involves sequential

mpregnations. Nevertheless, the trends summarized in Fig. 3 are

Fig. 3. Maximum power densities obtained for the cells tested in MeOH.
Fig. 4. SEM micrographs of a Cu–Co(Ru)/ZDC anode tested in MeOH: (a) anode cross-
section; (b) close-up of an anode pore in the cross-section. Segregated phases (i.e.
YSZ, ZDC, and metal) detected by EDX are indicated and labeled.

in agreement for the stability and resilience to coking. That is, the
power densities of the cells in MeOH were initially similar to that
in H2, deactivated over time, but then some if not all of the activity
could be recovered by exposure to humidified H2.

The morphology of tested anodes is shown in the SEM micro-
graphs of Fig. 4. There was no delaminating or dusting of the anode
structure after exposure to MeOH, which is a characteristic prob-
lem for Ni-containing anodes [26,31]. Tested anodes appeared to
be clean from carbon deposits after visual inspection; however,
carbon was detected by EDX throughout the cross-section and on
the anode surface. The measurement of coke distribution (semi-
qualitative) through the electrode thickness was attempted by EDX
spot-analysis, but no concentration trend was observed, indicating
that the decomposition of MeOH is likely to occur on the entire
anode.

TPO profiles (not shown) of Cell 3 after testing in MeOH were
characterized by three temperature peaks at approximately 510 K
(smaller), 675 K (medium), and 890 K (larger), which implies the
presence of different types of carbon. The carbon types could not
be distinguished in the SEM analysis.

3.2. Performance and stability in EtOH
A representative example of polarization curves obtained using
Cu–Co(Ru)/ZDC anodes in H2 and EtOH at 1073 K is shown in Fig. 5.
The initial OCP and maximum power density in humidified H2 for
Cell 4 was 1.063 V and 0.496 W cm−2, respectively. In pure EtOH, the
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a low-frequency capacitive arc as in EtOH (compare the spec-
ig. 5. Initial (a) and final (b) polarization curves (filled symbols) and power density
open symbols) for Cell 4 at 1073 K in humidified H2 (�, ©) and in pure EtOH (�, �).

CP and maximum power density were 1.168 V and 0.440 W cm−2.
iven these performances, the fuel utilization was always <1.9%,
hich is well within the carbon formation region [17]. The out-

et gas from the cell was composed of CH4 (25%), CO (25%), H2
20%), H2O (15%), C2H4 (5%), CO2 (4%), and traces (<1%) of C2H6 and
H3CHO. The theoretical OCP for this composition is ∼50 mV lower
han the measured OCP, indicating that the gas composition at the
node interface was likely closer to equilibrium composition for the
eaction of EtOH decomposition [17] (i.e. higher in H2 and CO, and
ower in H2O and CO2) than the gas composition measured at the
utlet. EtOH can decompose in the gas phase (pyrolysis) as well over
he anode surface (catalytic decomposition). Pyrolysis is kinetically
imited [31]. In the low overpotential region (1.1–1.0 V in Fig. 5), the
teady-state polarization curve was not linear. This behavior could
e a result of the presence of oxygen ions which migrated from

he cathode, influencing the reaction of EtOH decomposition, or
ould be related to the electrochemical oxidation of decomposition
roducts other than H2 and CO.

The characteristic stability profile of Cu–Co(Ru)/ZDC anodes
n EtOH is shown in Fig. 6. Although the initial power densities

Fig. 6. Stability at 1073 K and 0.6 V in pure EtOH for Cell 6.
Fig. 7. Maximum power densities obtained for the cells tested in EtOH.

varied, all cells tested had a similar behavior. Specifically, the per-
formance initially increased, then peaked after approximately 2 h,
and finally decreased exponentially. Cu–Co(Ru)/ZDC anodes deac-
tivated slower than all other anode-materials that we have tested
[16]. The final OCP in pure EtOH for Cell 4 after 20 h of direct uti-
lization was 1.130 V (Fig. 5b, compared to 1.168 V in Fig. 5a), which
is closer to the theoretical value corresponding to the outlet gas
composition (1.118 V) than to the OCP for the equilibrium compo-
sition. If the active sites on the anode surface are blocked by carbon
deposits, the catalytic decomposition of EtOH will be hindered and
the equilibrium gas-phase composition will not be reached. The
final power density in EtOH was 0.401 W cm−2. Performance results
for all cells tested in EtOH are summarized in Fig. 7. As for cells
tested in MeOH, there was variability in the performance (±20%)
between samples. Cell 6, for example, showed higher initial perfor-
mance in EtOH than in H2, while for the other cells the performance
in EtOH was lower. Cells 4 and 5 showed improved performance
after re-exposure to H2. This behavior was possibly related to the
improvement of the electronic conductivity from the formation of
carbon deposits [32].

The area-specific impedance spectra measured in H2 and EtOH
for Cell 4 are shown in Fig. 8. The spectra obtained in H2 were
similar to those described above for MeOH; while in EtOH, the
spectrum was characterized by a low-frequency capacitive tail sim-
ilar to that described in an earlier study on Cu(Ru)/ZDC anodes
[18]. The impedance spectra of Cell 4 in humidified H2 at var-
ious times after 24 h of exposure to pure EtOH are shown in
Fig. 9. A characteristic behavior was observed: immediately after
the cell was re-exposed to H2 the impedance spectrum still had
tra taken after 20 min in H2 in Fig. 9 and in EtOH in Fig. 8). As
time passed the arc closed towards the real-axis and its diame-
ter decreased exponentially with time up to 12 h in H2, after which
the impedance spectra were stable; the size of the low-frequency

Fig. 8. Impedance spectra for Cell 4 at 1073 K in H2 (white) and in pure EtOH at OCP
(gray). Markers correspond to the frequencies (in Hz) labeled.
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ig. 9. Equilibrium impedance and expanded view of the high-frequency intercepts
inset) for Cell 4 after 20 min (©), 1 h (�), 4 h (♦), and 12 h (�) of re-exposure to H2

t 1073 K after 24 h in pure EtOH. Markers correspond to the frequencies (in Hz)
abeled.

rc was ∼0.2 � cm2, and the average peak-frequency was ∼0.03 Hz.
he high-frequency intercept (R˝), which represents the ohmic
esistance of the cell (i.e. electrolyte + electron-conducting portion
f the anode + current collectors), also changed with time, increas-

ng from 0.102 to 0.140 � cm2, as shown in the inset of Fig. 9.

A loose and thin layer (∼1/2 mm) of black carbon deposits (pos-
ibly soot) was visible on all anodes tested in EtOH. This layer was
leaned off before SEM analysis. In general the anode microstruc-

ig. 10. SEM micrographs of a Cu–Co(Ru)/ZDC anode tested in EtOH: (a) anode cross-sect
ense carbon deposits; (d) fibrous carbon deposits found in isolated spots of the anode su
Sources 195 (2010) 3996–4001

ture examined by SEM did not appear to be damaged by coking
(Fig. 10a), and the pores in the anode cross-section did not appear
to be plugged with coke, even though carbon was always detected
by EDX (Fig. 10b). Amorphous carbon was found on the anode sur-
face (Fig. 10c), and carbon fibers were also found in isolated areas
(Fig. 10d), which could be caused by the presence of Co [31].

The presence of larger amounts of carbon on the anode sur-
face provides a possible explanation to the impedance results
obtained in H2 after exposure to EtOH (Fig. 9). If we assume that
the low-frequency arc was caused by diffusion only, given the
peak-frequency it is possible to calculate a value for the effective
diffusivity [29]. Assuming also that the thickness of the diffusion
layer is equal to the thickness of the anode, the effective diffusiv-
ity is ∼1E−5 cm2 s−1, which is more than 5 orders of magnitude
smaller than the binary diffusion coefficient for H2 and H2O at
1073 K (7.47 cm2 s−1). Therefore, the low-frequency arc observed
cannot be attributed to gas-diffusion through a stagnant layer, but
could be caused by Knudsen diffusion through a porous layer.

The passage of H2 molecules through the electrode pores would
be considerably hindered if the pores were partially filled with
coke. Assuming that after impregnation the electrode had a residual
porosity of ∼1%, it is possible to estimate the maximum diameter
of the pores that would give an effective diffusivity as calculated
for this case [33]. For a peak-frequency of 0.05 Hz and for an elec-
trode thickness of 100 �m, the estimated pore diameter is ∼5 nm.
However, SEM analysis indicates that the pores were larger. Also
the surface of the anode, which, as shown in Fig. 10c, was always
covered by a thick layer of carbon, leads to an inconsistency because
the limiting current predicted for the effective diffusivity corre-
sponding to the low-frequency arc is lower than the maximum

ion; (b) close-up of a pore with EDX profile.; (c) surface of the electrode covered by
rface.
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urrent obtained (Fig. 5b). Finally, the characteristic impedance
eported in Fig. 9 could be related to the pore size distribution and
ortuosity of coked anodes (that was not determined) and to the
rocess of partial removal of carbon deposits from the smaller pores
n exposure to humidified H2.

TPO profiles (not shown) of carbon deposits on Cell 6 tested in
tOH were characterized by three peaks at 510 K (smaller), 710 K
medium), and 850 K (larger), similar to the TPO profiles of Cell

tested in MeOH. The intensity of the CO2 signal, however, was
igher and the relative heights of the three peaks were differ-
nt, with the peak at 850 K being significantly higher for Cell 6.
s for MeOH, the carbon was relatively weakly bonded and could
e removed by exposure to humidified H2 at 1073 K as discussed
bove.

. Conclusions

The direct utilization of MeOH and EtOH was tested on
u–Co(Ru)/ZDC anodes at 1073 K. Cell performances in pure MeOH
ere only slightly inferior to that measured in humidified H2,

he performance degradation was very similar to that observed
n pure H2 and little coke was deposited after 24 h of exposure.
mpedance spectra obtained in MeOH were characterized by a short
apacitive tail at the low frequencies that could be related to the
atalytic decomposition of MeOH on the anode surface. Coking was
ore severe during the direct utilization of EtOH and cells were

ess stable. During stability testing, cells exhibited a characteristic
rend of activation–deactivation with time that can be explained
y the simultaneous improvement of electronic conductivity [32]
nd degradation of mass transfer caused by carbon deposits within
he pores [18]. Cu–Co(Ru)/ZDC anodes were not irreversibly deac-
ivated by coking, as performance was recoverable with exposure
o humidified H2.
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