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a b s t r a c t

A microwave irradiation process is used to deposit Cu nanoparticles on the Ni/YSZ anode of an electrolyte-
supported solid oxide fuel cell (SOFC). The reaction time in the microwave is only 15 s for the deposition
of 6 wt% Cu (with respect to Ni) from a solution of Cu(NO3)2·3H2O and ethylene glycol (HOCH2CH2OH).
The morphology of the deposited Cu particles is spherical and the average size of the particles is less
eywords:
olid oxide fuel cell
irect utilization of methane
arbon deposition

than 100 nm. The electrochemical performance of the microwave Cu-coated Ni/YSZ anodes is tested in
dry H2 and dry CH4 at 1073 K, and the anodes are characterized with scanning electron microscopy,
electrochemical impedance spectroscopy, and temperature-programmed oxidation. The results indicate
that preparation of the anodes by the microwave technique produces similar performance trend as those
reported for Cu–Ni/YSZ/CeO2 anodes prepared by impregnation. Specifically, less carbon is formed on

nven
e.
icrowave irradiation the Cu–Ni/YSZ than on co
does form is more reactiv

. Introduction

Solid oxide fuel cells (SOFC) are high temperature (773–1273 K)
lectrochemical devices that directly convert the chemical energy
f a fuel into electricity. Direct utilization of dry hydrocarbon fuels
t the anode of SOFC can help to reduce the operational cost and the
omplexity of a system [1,2]. The conventional SOFC Ni/YSZ anodes
atalyze the formation of coke in the presence of hydrocarbon fuels
nd this coke can severely damage the anode structure. Thus, met-
ls such as Cu, which does not catalyze the C–C bond formation,
ave been added to the Ni in the anode to reduce or prevent carbon

ormation when operating with hydrocarbon fuels [3–5]. The most
ommon way of incorporating Cu in the anode is to impregnate cop-
er nitrate Cu(NO3)2 solution in the anode followed by a calcination
tep to decompose Cu(NO3)2 to CuO, which is finally reduced to Cu
n situ in H2 during cell testing. Multiple impregnation and subse-
uent calcination steps are often required to obtain a sufficient Cu

oading, which makes impregnation a very time consuming pro-
ess [4,6]. Also the distribution of deposited particles obtained by
mpregnation is not always homogeneous. Electrodeposition has
lso been used to deposit Cu in the anode of electrolyte and anode-
upported SOFC. This technique requires a significant time (hours)
or the deposition of Cu in an anode-supported SOFC [7]. The time

equired for deposition of Cu in an electrolyte-supported SOFC was
ot reported [6,8]. One potential limitation to electrodeposition is
hat this method requires that the substrate material be conductive
6].

∗ Corresponding author. Tel.: +1 403 210 9488; fax: +1 403 284 4852.
E-mail address: jhill@ucalgary.ca (J.M. Hill).
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tional Ni/YSZ anodes when exposed to dry methane and the carbon that

© 2011 Elsevier B.V. All rights reserved.

In this study, we report a novel and simple method to deposit
Cu on Ni/YSZ SOFC anodes using a microwave irradiation pro-
cess. Previously, microwave irradiation processes have been used
for the synthesis of metal nanoparticles (Ni, Pd, Ag) and metal
oxides (�-Fe2O3, NiO, ZnO, CuO, Co–�-Fe2O3) [9–12]. This process
can be faster than most other processes because microwave irra-
diation times may be on the order of seconds and a calcination
step to remove the precursor is not required. Cu particles can be
directly deposited onto a support from a solution of ethylene gly-
col (HOCH2CH2OH) and Cu(NO3)2·3H2O with an irradiation time of
15 s. The deposition of Cu particles may follow the reaction path-
way shown below, which is based on the mechanism of the polyol
reduction of metal ions [13,14].

HOCH2CH2OH → CH3CHO + H2O

CH3CHO + H2O + Cu(NO3)2·3H2O → CH3COOH + Cu + 2HNO3

+ 3H2O

In this communication, we demonstrate that Cu–Ni/YSZ anodes
can be prepared by microwave irradiation and the performance of
anodes made by this technique is comparable to that reported for
anodes prepared by impregnation.

2. Experimental
2.1. Preparation of button cells

Electrolyte-supported button cells were tested in this study.
YSZ disks of 0.3 mm thickness were prepared by sintering YSZ
powders (TOSOH, TZ-8Y, Japan) at 1723 K for 2 h. To prepare the

dx.doi.org/10.1016/j.jpowsour.2011.01.087
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jhill@ucalgary.ca
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ig. 1. Cross-sectional SEM images of CuMNi/YSZ cell: (a) anode–electrolyte interfa
egion P.

node, a NiO/YSZ slurry was prepared from 56 wt% NiO (Alfa-
esar, 99%, USA) and 44 wt% YSZ powders mixed by ball milling

n acetone for 48 h with zirconia balls. After drying, the NiO/YSZ
owder was mixed with glycerol (Alfa Aesar, USA) and the result-

ng slurry was painted on one side of the YSZ disks, followed by
intering at 1723 K for 2 h. The cathode used in this experiment
as a composite of LSM (Praxair, USA) and YSZ. To apply the

athode, a slurry of LSM/YSZ was prepared by mixing LSM and
SZ powders (50:50 wt%) with glycerol and painting the result-

ng slurry on the opposite side of the YSZ disk from the anode.
he cell was sintered at 1523 K for 2 h, and the geometric areas
f both the anode and cathode were ∼0.974 cm2. Before applying
he microwave irradiation process to deposit Cu in the anode, the
iO of the anode was reduced to Ni in flowing H2 (50 mL min−1) at
073 K for 2 h.

.2. Microwave irradiation

To deposit Cu onto the Ni/YSZ anode, a 0.033 M solution of
u(NO3)2·3H2O (Alfa Aesar, USA) salt with a reducing agent of
thylene glycol (HOCH2CH2OH, Reagent Plus ≥99%, Sigma Aldrich,
SA) was prepared. The solution was stirred for 30 min at room

emperature and then ultrasonicated for 5 min to ensure that the
alt was completely dissolved in the solution. Vacuum grease was
pplied to protect the cathode and electrolyte surfaces, and to

llow the Cu solution to only access the anode. The button cell
as dipped in the solution and then irradiated for 15 s using a
ousehold microwave oven (Danby Products Inc., 2.45 Hz, 700 W,
SA). The temperature of the irradiated solution was 365 K as
easured by a digital thermometer (DiGi-Sense, Type J Thermo-
) enlarged image taken from region P and (c) EDS spectra of the anode taken from

couple, USA). Preliminary tests with irradiation times up to 60 s
indicated that the Cu particles will begin to agglomerate and, thus,
a relatively short irradiation time was used. After irradiation, the
vacuum grease was removed and the cell was washed several
times with ethanol and distilled water before drying in an oven
at 383 K for 1 h. The amount of Cu loading was 6 wt% with respect
to Ni which was measured using an ultra precision analytical bal-
ance.

Ag wire current collectors were attached to both the anode and
cathode using Ag paste. Ceramic paste was used to seal the cells
in alumina tubes for electrochemical testing. The cathode side of
the button cell was exposed to stagnant air. The electrochemi-
cal tests were performed in dry H2 (50 mL min−1) and dry CH4
(25 mL min−1) at 1073 K and atmospheric pressure. The stability
of the CuMNi/YSZ (where “M” denotes preparation by microwave
irradiation) cells was tested for 24 h in dry CH4 at a current density
20 mA cm−2. Temperature programmed oxidation (TPO) was per-
formed on both CuMNi/YSZ and conventional Ni/YSZ cells that were
tested in dry CH4 for 25 h under OCV conditions. OCV conditions
are more severe than working conditions. At working conditions,
deposited carbon can be removed by O2−, at the triple phase bound-
ary, and/or the steam produced by the electrochemical reaction.
The amount of carbon that formed in an electrolyte-supported cell
with a Ni/YSZ anode was shown to be 100 times less at a current
density of 50 mA cm−2 than at OCV [15]. In this study, the cells were

tested in dry CH4 under OCV conditions to accelerate carbon forma-
tion so that the difference between carbon formed on CuMNi/YSZ
and Ni/YSZ anodes could be better distinguished. A total of 3 cells
were prepared and tested. The results shown in the figures are
representative of these cells.
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cells [15]. For the CuMNi/YSZ anodes, the CO2 peak shifted to a
lower temperature of 837 K, suggesting that the deposited carbon
is more weakly bound when Cu is present. The amount of car-
bon formed per mol of total metal catalysts as calculated from the
ig. 2. Voltage (closed symbols) and power density (open symbols) as a function of
urrent density for CuMNi/YSZ anodes tested in dry H2 (�, �) and in dry CH4 (�, �)
t 1073 K.

.3. Characterization

The microstructure and the morphology of the deposited Cu
articles were observed by scanning electron microscopy (SEM,
hilips XL30 ESEM). Temperature-programmed oxidation (TPO)
as used to characterize any carbon that formed on the anodes.
mass spectrometer (Cirrus 200 Quadrupole) was used to mon-

tor the exit gases during the TPO experiments. Masses 44 (CO2),
2 (O2), 28 (CO), 18 (H2O), and 4 (He) were monitored while
he sample was heated at 10 K min−1 in flowing 10% O2 in He
50 mL min−1).

. Results and discussion

Fig. 1 shows cross-sectional SEM images of the as-prepared
uMNi/YSZ cell. The thickness of the painted anode was approx-

mately 90 �m (Fig. 1(a)). An enlarged image of the region marked
P” in Fig. 1(a) is shown in Fig. 1(b). This enlarged image shows
hat the anode was spot coated with Cu but some regions were not
overed by Cu as indicated by the arrows. The morphology of the
u particles was spherical and the average size of the Cu particles
as less than 100 nm. The energy-dispersive spectroscopy (EDS)

pectrum (Fig. 1(c)) confirms the presence of Cu, Ni, Y and Zr in
he anode. The mass change of the samples before and after irra-
iation indicated that the CuMNi/YSZ anodes contained 6 wt% Cu
with respect to Ni).

Fig. 2 shows the polarization (closed symbols) and power den-
ity (open symbols) curves for CuMNi/YSZ anodes obtained in dry
2 and in dry CH4 at 1073 K. The performance of the cell was mea-

ured first in dry H2 and then the fuel was switched to dry CH4. The
CV of the cell was approximately 1.21 V in dry H2. To check the

ealing and the quality of the electrolyte, the gas was switched from
ry to wet H2 and an OCV of 1.092 V (not shown here) was obtained.
his voltage is very close to the theoretical value of 1.105 V for these
onditions indicating that the cell was well-sealed. The maximum
ower densities were 75 mW cm−2 in dry H2 and 49 mW cm−2 in
ry CH4 after 1 h at OCV at 1073 K. The lower performance of the
ell in dry CH4 compared to dry H2, can be attributed to Cu, which
s a poor catalyst for C–H bond scission.

Fig. 3 shows the results of galvanostatic tests of the CuMNi/YSZ
−2
nodes in dry CH4 at a current density of 20 mA cm . The volt-

ge dropped to 0.54 V in the first hour and then increased over
4 h to 0.76 V. The improvement in electrochemical performance
or the same cell was also observed in the impedance spectroscopy
nalysis as shown in Fig. 4. The impedance arcs were measured
Fig. 3. Stability of the CuMNi/YSZ anode tested at 1073 K in dry CH4 at 20 mA cm−2.

after operating the cell galvanostatically for 1 h and 24 h in dry CH4.
The high frequency intercept of the impedance arc (R�) remained
constant at 1.24 � cm2 between 1 h and 24 h. This consistency indi-
cates that the improvement in electrochemical performance was
not related to ohmic losses. The polarization resistances (RP), as
measured by the low frequency intercept of the impedance arc,
however, decreased after 24 h of operation in dry CH4. There was
significant scatter in the measurements at low frequencies, as seen
in other systems [16], but the RP value decreased from ∼10 � cm2 at
1 h to ∼7.5 � cm2 after 24 h. The decrease in polarization resistance
indicates that the electrocatalytic process improved with operation
time.

TPO studies were conducted to compare the amount and type of
carbon formed at OCV conditions in Ni/YSZ and CuMNi/YSZ anodes.
Fig. 5 shows the TPO results for Ni/YSZ and CuMNi/YSZ anodes
exposed to dry CH4 for 25 h at OCV and 1073 K. For the Ni/YSZ
anode, a single peak of CO2 was observed at 970 K, which is similar
to the value (973 K) reported previously by our group for similar
Fig. 4. Electrochemical impedance spectra of CuMNi/YSZ anodes, measured at OCV
and at 1073 K after running the cell galvanostatically for 1 h (�) and 24 h (�) in dry
CH4.
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ig. 5. CO2 production during TPO of CuMNi/YSZ and Ni/YSZ anodes exposed to dry
H4 for 25 h at OCV and 1073 K.

rea under the curve, was slightly lower for CuMNi/YSZ than Ni/YSZ
nodes.

Kim et al. [4] have reported that the performance of impregnated
u–Ni/YSZ/CeO2 anode-supported SOFC increased significantly
ver a time period of 500 h in dry CH4 at 1073 K. The amount
f Cu to Ni in their study was 4–1, by weight. The increase in
erformance was attributed to deposited carbon, which helped
o link the isolated metal particles to the outside circuit and
hus improve electrical conductivity. The authors [4] noted a
ecrease in both ohmic and polarization resistances over time.

n our experiments, we have used electrolyte-supported SOFC
ith CuMNi/YSZ as the anode, and a Cu to Ni ratio of 0.06–1, by
eight. The performance trend of CuMNi/YSZ anodes was similar

o the impregnated Cu–Ni/YSZ/CeO2 anodes i.e., the performance
f CuMNi/YSZ anodes in dry CH4 improved with time. The ohmic
esistance of the cell remained constant with time but the polar-
zation resistance decreased, indicating that the electrocatalytic
rocess of CuMNi/YSZ anodes improved with time. The maxi-
um power densities for impregnated Cu–Ni/YSZ/CeO2 anodes

440 and 330 mW cm−2), however, were much higher compared to

uMNi/YSZ anodes (75 and 49 mW cm−2) in dry H2 and dry CH4,
espectively. The differences in power densities result from dif-
erences in the thicknesses of the electrolytes (60 �m vs. 300 �m)
nd the presence of CeO2 at the anode, as CeO2 is known to be an
xidation catalyst for CH4.

[
[
[
[

ources 196 (2011) 5091–5094

4. Conclusions

Cu particles were directly deposited into Ni/YSZ SOFC anodes
using a microwave irradiation process. The irradiation time was 15 s
and no calcination step was required. The clear advantage of using
the microwave irradiation method is the reduced time required for
anode preparation. The irradiation times are on the order of seconds
in comparison to impregnation that usually requires multiple steps
(because of limited solubility of the metal precursors) and hours if
not days for preparation of similar anodes. SEM analysis confirmed
that the irradiation technique produced spherical Cu particles that
were less than 100 nm in size. The performance of the CuMNi/YSZ
anodes improved with time when operated with dry CH4 at 1073 K
with a current density of 20 mA cm−2, which is similar to the behav-
ior of Cu–Ni/YSZ/CeO2 anodes made by impregnation. Thus, the
microwave irradiation process can be used to prepare Cu–Ni/YSZ
anodes in significantly shorter time than preparation methods such
as impregnation and electrodeposition.
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