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a b s t r a c t

Air plasma spraying has been used to produce porous composite anodes based on Ce0.8Sm0.2O1.9 (SDC)
and Cu for use in solid oxide fuel cells (SOFCs). Preliminarily, a range of plasma conditions has been
examined for the production of composite coatings from pre-mixed SDC and CuO powders. Plasma gas
vailable online 17 April 2009
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compositions were varied to obtain a range of plasma temperatures. After reduction in H2, coatings
were characterized for composition and microstructure using EDX and SEM. As a result of these tests,
symmetrical sintered electrolyte-supported anode–anode cells were fabricated by air plasma spraying of
the anodes, followed by in situ reduction of the CuO to Cu. Full cells deposited on SS430 porous substrates
were then produced in one integrated process. Fine CuO and SDC powders have been used to produce
homogeneously mixed anode coatings with higher surface area microstructures, resulting in area-specific

f 4.8 2 ◦
polarization resistances o

. Introduction

Fuel cells convert the chemical energy of a fuel, such as hydro-
en, into electrical energy very efficiently on many size scales,
ithout combustion and with little or no emission of pollutants.

olid oxide fuel cells (SOFCs) are highly efficient, entirely solid-
tate fuel cells that operate at high temperatures. They can be used
or large-scale central power generation, for distributed genera-
ion, or for auxiliary power in transportation. When hydrogen is
sed to power solid oxide fuel cells, water is the only local emission
roduced, and the fuel cells experience relatively low degradation
ates and fast electrochemical kinetics. However, hydrogen must
e generated, compressed, and transported, thus creating high
nergy requirements and correspondingly higher costs compared
o more readily available fuels. Using carbon-containing fuels, such
s coal gas, methanol, ethanol, natural gas, gasoline, diesel, carbon
onoxide, or renewable bio-fuels to power SOFCs may allow faster

ommercialization and more widespread use. Widespread power
eneration from carbon containing fuels using fuel cells rather than
ombustion engines will result in substantial reductions in green-

ouse gas and acid gas emissions due to the absence of nitrogen
xides and the higher efficiency of electrochemical energy conver-
ion.

∗ Corresponding author. Tel.: +1 416 978 3835; fax: +1 416 978 7753.
E-mail addresses: benoved@interchange.ubc.ca (N. Benoved),

esler@mie.utoronto.ca (O. Kesler).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.04.003
� cm in impedance tests in hydrogen at 712 C.
© 2009 Elsevier B.V. All rights reserved.

1.1. SOFC anodes based on Cu–SDC for direct oxidation of
hydrocarbon fuels

When using hydrocarbon fuels such as methane, the fuel is typ-
ically converted through steam reforming to CO and H2, which are
then consumed electrochemically within the fuel cell, or in the case
of CO, reacted with steam to form CO2 and H2 through a water gas
shift reaction. The reforming reaction can take place externally, in
a reformer placed prior to the fuel cell inlet. This configuration,
however, increases the overall cost and complexity of the system.
Reforming of the fuel in a high temperature SOFC system can also
take place within the fuel cell itself, utilizing a reforming catalyst,
commonly nickel, in the SOFC anode. This process is known as inter-
nal reforming. Internal reforming eliminates the requirement for
an external reformer and therefore simplifies the balance of plant
system and reduces costs. In addition to reduced costs, internal
reforming is endothermic for methane, and therefore it can assist
in thermal management of the cell. However, steam reforming of
petroleum-based hydrocarbons such as naphtha is less endother-
mic, and exothermic when the temperature is lowered below 600 ◦C
[1].

Although internal reforming simplifies the SOFC balance of
plant, it is still limited in practice due to technological issues. Exper-

iments on internal methane steam reforming have shown that the
strong activity of the nickel anode results in a marked temperature
reduction in a very localized reaction zone that may lead to steep
thermal gradients and thermal stresses [2]. Another disadvantage
of steam reforming is that the reforming reaction is endothermic

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:benoved@interchange.ubc.ca
mailto:kesler@mie.utoronto.ca
dx.doi.org/10.1016/j.jpowsour.2009.04.003
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nd has a high temperature requirement. When the fuel is reformed
y steam, high equilibrium conversions require high temperatures.
or example, the equilibrium conversion of methane for a H2O/CH4
atio of one at 1 bar is only 37% at 600 ◦C, 68% at 700 ◦C, and 87%
t 800 ◦C, and for a H2O/CH4 ratio of two at 1 bar is 62% at 600 ◦C,
7% at 700 ◦C, and 100% at 800 ◦C. A higher H2O/CH4 ratio increases
he extent of reformation of CH4 to H2, but it dilutes the fuel and
hereby decreases the overall cell efficiency. If reforming is to be
erformed internally in an SOFC, the high temperature requirement
or equilibrium conversion limits the choice of materials that can be
sed to construct the fuel cell, since 700 ◦C is at the working limit
or common metals [3]. Operation of SOFCs at low temperatures
LT-SOFC, 500–700 ◦C) may reduce material costs and sealing prob-
ems and thus is of great research interest [4]. However, the low
onversion efficiencies of the steam reforming reaction at low tem-
eratures lead to a drastic reduction in cell efficiency. An additional
isadvantage of steam reforming is the large amount of steam that

s needed to suppress carbon deposition when utilizing hydrocar-
on fuels other than methane [5]. Moreover, it has been shown that
ven at high steam to carbon ratios (∼>3.5) in the case of internal
eforming of ethane and ethylene, the power generation of SOFCs
eteriorates with time due to carbon deposition [6]. Carbon depo-
ition reduces the cell performance by blocking the anode reaction
ites [7] and damaging the microstructure of Ni in the anode.

These disadvantages of internal reforming encourage current
esearch attempts searching for a direct oxidation mechanism
o utilize hydrocarbon fuels rather than internal reforming, with
articular emphasis on development of coking resistant anode
aterials. Direct oxidation of hydrocarbon (HC) fuels may reduce

he thermal gradients created by internal reforming and improve
uel conversion efficiency, particularly with heavier hydrocarbons
han methane. However, when HC fuel is directly utilized on con-
entional nickel-based anodes, carbon deposited on the anode
aterial due to a secondary cracking reaction blocks the reactants

rom reaching the reaction sites, degrades the nickel microstruc-
ure over time, and dramatically reduces the fuel cell performance
nd stability. Previous studies show that nickel can be utilized in
irect oxidation of methane between 500 ◦C and 700 ◦C without
arbon formation, but it is unlikely with higher hydrocarbons, since
he temperature window for pyrolysis will be lower and carbon
ormation more severe [8]. This drives research attempts to find
lternatives to the use of nickel in SOFC anodes for direct oxidation
f hydrocarbon fuels.

In recent studies [9–12], copper has been suggested as an alter-
ative to nickel as the electronic conductor in SOFC anodes. Copper
as been used as the metal for inclusion in the anode due to

ts high electrical conductivity and relatively low catalytic activ-
ty for hydrocarbon cracking [9]. However, copper also has a low
atalytic activity for hydrogen or hydrocarbon electrochemical oxi-
ation, and so in order to improve the cell performance, ceria and
amaria doped ceria (SDC) [10,11] have been utilized instead of
ttria stabilized zirconia (YSZ), which is commonly used as the
onic conductor in SOFC anodes. The addition of a mixed conductor
uch as doped ceria has been shown to play an important role in
mproving anode performance, through improved catalytic activity
nd mixed ionic–electronic conductivity, which increases reaction
urface area. Carbon deposition was not observed using this anode
esign. However, copper–SDC anodes tend to be unstable at high
emperature due to the copper’s relatively low melting temperature
nd high surface energy, resulting in rapid sintering of the copper
nd loss of electrode conductivity at temperatures above 800 ◦C

12].

Despite the advantages of copper-based anodes for direct oxi-
ation, they are manufactured presently using a multi-step wet
eramic technique that requires even more processing and fir-
ng steps than needed to make nickel-based anodes by wet
er Sources 193 (2009) 454–461 455

ceramic processing, which makes them less attractive for mass
production.

SOFC processing typically includes a combination of wet pow-
der compaction steps such as tape casting or extrusion, followed by
deposition by a chemical or physical process such as spray pyroly-
sis, screen printing, or electrochemical vapor deposition, and then
densification at elevated temperatures. The complex multi-step
processing procedures are time consuming and require significant
capital costs, particularly when scaled up for mass production.
High sintering temperatures also increase the likelihood of inter-
reactions between adjacent cell layers or of metal support oxidation
in metallic interconnect-supported cells.

Recent studies (e.g. [9,10,12]) utilizing copper as the electronic
conductor in SOFC anodes use impregnation of aqueous solutions
of nitrate salts into a pre-sintered porous YSZ matrix. This proce-
dure is used because the low melting temperature of copper oxide
compared to that of nickel oxide prevents co-sintering of an anode
layer containing copper oxide at a sufficiently high temperature to
densify the YSZ electrolyte. This procedure adds further complexity
to the wet ceramic manufacturing process, especially since multi-
ple impregnation and firing steps are needed to obtain adequate
connectivity of the anode metal phase.

1.2. Plasma spray processing for the production of SOFCs based on
Cu–SDC anodes

Plasma spray processing has also been studied recently as a pro-
cessing procedure for the manufacturing of SOFCs [13–17]. Plasma
spraying has the advantages of short processing time, material
composition flexibility, and a wide range of controllable spraying
parameters that can be used to adjust the properties of the coat-
ings. Controlling the spraying and feedstock parameters during
spraying allows control of the coating characteristics, creating the
opportunity to vary the coating properties with thickness to obtain
a functionally graded material (FGM) structure that may lead to
better electrochemical performance and reduced thermal stresses
[16,17]. It also allows manufacturing of an entire cell in an integrated
fabrication process [13], and spraying directly onto robust metal-
lic interconnects, thus lowering material costs, with no requirement
for sintering [14]. Nano-structured anodes have also been produced
by plasma spraying of nano-agglomerated feedstock powder [18].
This approach can provide more triple phase boundaries for the
hydrogen oxidation reaction and contribute to lowering polariza-
tion losses. Plasma spray processing can also be scaled up easily
for rapid, automated mass production, which may allow further
reduction of manufacturing costs.

To date, plasma sprayed Cu–SDC anode testing in a working cell
has not previously been reported. The primary challenge in mak-
ing such anodes by plasma spraying is the large difference between
the melting temperature of CuO and SDC (1326 ◦C for copper oxide
and 2600 ◦C for SDC), which makes it difficult to co-deposit these
materials. Co-deposition of materials with a large melting tem-
perature difference, such as tungsten carbide–cobalt coatings, has
been conducted previously by plasma spraying [19]. However, that
application does not require coatings with significant porosity, so
both materials can be co-deposited in a high-energy plasma that
fully melts both materials, resulting in dense coatings. However,
the requirement for high porosity of SOFC anodes for good diffu-
sivity makes it more difficult to co-deposit materials with a large
difference between the melting temperatures in a coating having
a porous structure. It is advantageous to co-spray CuO and SDC

rather than Cu and SDC due to the higher melting temperature of
CuO (1326 ◦C) and because the reduction of CuO to Cu after cell
fabrication results in additional porosity.

It has been shown [20] that the addition of more catalytically
active materials such as cobalt to Cu–SDC anodes is beneficial.
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Table 1
Particle sizes of coarse and fine powders.

Powder Coarse (�m) Fine (�m)

CuO SDC CuO SDC
56 N. Benoved, O. Kesler / Journal o

evertheless, due to the higher cost of cobalt, direct oxidation
nodes are likely to contain at least a portion of their structure
onsisting entirely of Cu–ceramic mixtures, to function primarily
s a current collector/gas diffusion layer within the anode. There-
ore, coarse layers containing only Cu and SDC are still of practical
mportance for application in direct oxidation SOFC anodes.

Cu–SDC anodes exhibit lower catalytic activity compared to con-
entional Ni–YSZ anodes due to the set of materials utilized in such
nodes. Therefore, increased triple phase boundary surface area in
n anode functional layer is important in improving anode per-
ormance. This study utilizes nano-agglomerated powders for the
roduction of nano-structured plasma sprayed Cu–SDC coatings for
se in an anode functional layer to achieve higher surface area and

mproved performance relative to coarser diffusion layers.
Previously, Cu–YSZ layers have been sprayed onto stainless steel

oupons [21]. However, these layers have not been tested as anodes
n a working cell. In addition, it is more beneficial to replace the YSZ

ith ceria or SDC, as ceria or SDC enhances the catalytic activity in
u-based anodes [9]. CuO–SDC layers have also been sprayed onto
eramic substrates and the CuO has been successfully reduced to
opper in hydrogen [22]; however, the layers were not tested as
nodes in electrochemical cells.

We have recently applied plasma spray processing for the
anufacturing of metal supported fuel cells with Cu–SDC

Ce0.8Sm0.2O1.9) SOFC anode layers utilizing nano-agglomerated
eedstock powders. In this article, we present the spraying and
eedstock conditions developed and used to co-deposit CuO–SDC
OFC anode layers, their resulting elemental and phase composi-
ions, their microstructures before and after reduction of CuO to
u, and their electrochemical performance in a solid oxide fuel
ell.

. Experimental procedure

.1. Material preparation

In this work, commercially available feedstock powders of CuO
nd SDC (Ce0.8Sm0.2O1.9) (Inframat Advanced Materials, Farming-
on, CT, USA) were used to fabricate the coatings. The powders were
owable spray dried agglomerates with a spherical shape. Two dif-

erent powders were used in this study: coarse and fine powders.
oarse powders were utilized for the initial screening tests and for
he production of symmetrical cells. Fine powders were utilized

o produce anode layers on porous metal-supported cells. Particle
ize analysis was conducted using a wet dispersion laser light scat-
ing particle size analyzer (Mastersizer 2000, Malvern Instruments,

orcestershire, UK). Table 1 shows the powder particle size distri-
utions. Fig. 1 shows scanning electron microscopy (SEM) images

Fig. 1. SEM micrographs of
D0.1 4.33 23.3 2.41 1.80
D0.5 12.9 36.7 8.29 2.50
D0.9 36.1 58.0 20.10 13.2

of the spray dried nano-agglomerated CuO and SDC feedstock pow-
ders.

For the initial screening tests, the as-received coarse CuO
and SDC powders were sieved to narrower size distributions of
+32–45 �m. The powders were mixed with a weight ratio of 1:1.2
SDC to CuO.

For spraying of Cu–SDC anodes for electrolyte supported sym-
metrical cells, we utilized smaller CuO particles sieved to −25 �m
to allow more fine scale mixing of the CuO splats with the SDC in the
coating. The CuO and SDC powders were mixed in those coatings
with a weight ratio of 1:1.5 SDC to CuO.

For spraying of Cu–SDC anodes for porous metal-supported full
cells, the fine CuO and SDC powders were utilized to produce a
microstructure with higher triple boundary length to improve per-
formance. The CuO and SDC powders were mixed in those anodes
with a weight ratio of 1:1.67 SDC to CuO

2.2. Plasma spray processing

The atmospheric plasma spray (APS) system used in these exper-
iments (Axial III Series 600 DC plasma torch, Northwest Mettech
Corp., North Vancouver, Canada) contains a torch in which powder
is injected axially between three electrodes, ensuring that virtu-
ally all of the powder injected passes through the hottest part of
the jet. Powders were delivered to the torch with Ar carrier gas
using powder feeders (MPF Thermico, Dortmund, Germany). The
APS system further consisted of a substrate-mounting turntable for
both generating horizontal substrate motion relative to the torch
and for the cooling of the substrates in air. A type ‘K’ thermo-
couple was spring loaded to the back of the substrate, with the
signal carried from the rotating substrate holder through a slip
ring to allow substrate temperature monitoring. An X–Y manipu-
lator (Miller Thermal Inc, Appleton, WI, USA) was used to move
the plasma torch vertically. Fig. 2 schematically depicts the APS

experimental setup.

Preliminary screening tests were carried out with mixed CuO
and SDC powders. The plasma gas composition was changed for
each of the coatings. Deposition was carried out onto sandblasted
2.54 cm diameter 1 mm thick type 430 stainless steel (SS430) disks.

(a) SDC and (b) CuO.
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Fig. 2. APS experimental setup.

he coatings were reduced after deposition in a 90:10 vol.% N2–H2
ixture at 700 ◦C for 12 h.
Following the identification of the usable range of plasma gas

omposition values, symmetrical cells were produced. YSZ pow-
er (Inframat Advanced Materials, d50 = 1.58 �m) was pressed into
ellets with a 32 mm die. The pellets were sintered at 1400 ◦C for
h. The sintered YSZ substrates were sand blasted prior to spraying

o create a coarse surface in order to allow better adhesion of the
oating to the surface. After sand blasting, the surfaces were cleaned
ith acetone to remove any residue. The anode layer coatings were
eposited symmetrically on both sides of the substrates, using a
ustom made mask to obtain concentric anodes. To obtain full per-
olation in porous composite anodes, the volume fraction of the Cu
n the solid phases of the anode was targeted at 40%, in keeping

ith the observed upper percolation threshold range for Ni–YSZ
nodes [23]. The symmetrical cell anode layer coatings produced
ere reduced in H2 at 700 ◦C for 5 h.

Due to the performance and mechanical limitations introduced
y electrolyte-supported cells, we then integrated porous metallic
ubstrates into subsequent cells as a substitute for the YSZ elec-
rolyte supports. Commercially available 2.54 cm diameter porous
S430 disks (Mott Corporation, Farmington, CT, USA) with thickness
f 1 mm were used as the metallic substrates. One such substrate is
hown in Fig. 3.

SS430 was chosen due to its low thermal expansion
oefficient (11.9 �m m−1 ◦C−1 at 650 ◦C), which allows a bet-
er thermal expansion match between the substrate and the
athode–electrolyte–anode layers than Ni, which has been pre-
iously utilized as the substrate material [24]. A cathode layer
as formed by spraying mechanically mixed LSM-YSZ powders

Inframat Advanced Materials) onto the substrate using conditions

eveloped previously [25]. Fine YSZ powder (Inframat Advanced
aterials) suspended in water was used to form the electrolyte on

op of the cathode using conditions reported elsewhere [26]. CuO
nd SDC powders were mixed with a weight ratio of 1:1.67 SDC to
uO. This powder mixture was sprayed through a mask onto the

able 2
lasma spray process parameter values for production of anode coatings.

arameter Values

Initial screening tests Symmetric

owder feed rate (g min−1) 32 18
arrier gas flow rate (slpm] 15 15
praying distance (mm) 100 100
DC particle size (�m) −45 + 32 −32 + 25
uO particle size (�m) −45 + 32 −25
eight ratio SDC/CuO 1.2 1.5

ertical traverse speed (m s−1) 4.25 4.25
o. of vertical passes 40 40
orch current (A electrode−1) 200 180
lasma gas flow rate (slpm) 220 180
ol.% nitrogen (balance Ar) 20–80 50
ozzle size (mm) 12.7 12.7
Fig. 3. Porous SS430 metal substrate.

YSZ layer to form an anode layer. The coatings were reduced after
deposition in a N2–H2 mixture (10% H2) at 700 ◦C for 12 h. Table 2
shows experimental plasma spray process parameters for anode
production for the different tests.

2.3. Coating characterization

X-ray diffraction (XRD) analysis of the coatings was performed
both before and after reduction to determine the phase structure
dependence on spraying and feedstock parameters.

SEM imaging of the coatings was performed to observe the
porosity and uniformity of the microstructures.

Energy dispersive spectroscopy (EDX) was performed to deter-
mine the volume fraction of Cu present in the coatings.

2.4. Electrochemical testing

Symmetrical cell testing was performed using an SOFC test
station (AMI, Canada, and AMEL, Italy) and an FRA and potentio-
stat (Solartron 1260 and 1470E, UK) after in situ reduction in H2
at 569 ◦C of the anodes. The test station design includes a ther-

mocouple that measures the temperature close to the cell. The
symmetrical cell was tested in dry hydrogen flowing at 100 sccm
at temperatures ranging from 569 ◦C to 772 ◦C, in approximately
50 ◦C increments with 3 ◦C min−1 ramp rates between temper-
atures. Impedance spectroscopy at open circuit conditions was

al anode–anode cell experiments Metal substrate full cell experiments

40
15
100
2.5 (d50)
8.2 (d50)
1.67
4.25
40
200
220
40
12.7
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cle velocity at the time of impact with the substrate. EDX mapping
showed that although the CuO and SDC in the coatings are well
mixed on the mm scale, the coatings are not homogenous and the
SDC and CuO are not well mixed on the �m scale. It is not clear
whether the SDC agglomerates break up upon entering the plasma
ig. 4. XRD patterns of coatings produced from CuO–SDC feedstock powders over
arious plasma gas compositions. Y-axis represents X-ray intensity in arbitrary units.

onducted at cell temperatures of 569 ◦C, 620 ◦C, 672 ◦C, 723 ◦C, and
72 ◦C over the frequency range of 2 mHz to 1 MHz, with 50 mV rms
oltage perturbation amplitude.

The CuO–SDC anodes in full cells were reduced in situ with a
umid (3% H2O) H2–N2 mixture (10% H2) at a total flow rate of
00 sccm for 13 h at 700 ◦C. The cells were then tested in a humid
3% H2O) H2–N2 mixture (20% H2) at a total flow rate of 0.2 slpm
t temperatures ranging from 550 ◦C to 700 ◦C, in approximately
0 ◦C increments with 1 ◦C min−1 ramp rates between tempera-
ures. Impedance spectroscopy at open circuit voltage (OCV) and
t 0.7 V polarization was conducted at cell temperatures of 562 ◦C,
12 ◦C, 672 ◦C, and 712 ◦C over the frequency range of 1 mHz to
MHz, with 50 mV rms voltage perturbation amplitude. Polariza-

ion curves were obtained from OCV to 0.3 V.
After testing with H2, the cells were exposed to CH4 for 12 h.

fter the cells were cooled down, they were examined by EDX to
earch for carbon residue.

. Results and discussion

.1. Microstructural analysis

.1.1. Microstructural analysis of screening test coatings
XRD showed that the crystal structure of the SDC remained cubic

ver the entire range of spraying conditions. In high-energy plas-
as with plasma gas composition of N2–Ar 60–40% and 80–20%

y volume, the CuO remained cubic. For lower energy plasmas
ith plasma gas composition of N2–Ar 40–60% and 20–80%, partial

eduction of CuO to Cu2O was observed. XRD patterns of the coat-
ngs after reduction in a 10–90% H2–N2 mixture confirmed that the
uO and Cu2O were fully reduced to Cu. Fig. 4 shows XRD patterns
f coatings produced from CuO–SDC feedstock powders, before and
fter reduction.

The main difficulty in producing CuO/SDC composite anode
oatings by APS is achieving the desired composition, 40 vol.% of
u, due to the differences in deposition efficiency between the two
aterials for a given set of plasma conditions, as shown in Fig. 5.

herefore, once suitable spray conditions were determined, the ini-
ial powder compositions were adjusted based on the EDX results
n order to obtain a composition close to the target range.

Fig. 6 shows SEM micrographs of coatings produced in different
lasma energy conditions. Over the spraying conditions exam-

ned, the CuO tends to melt easily to form thin, fairly dense layers

ithin the coating. Fig. 6a shows a coating formed in a high-power

80.7 kW) plasma. The CuO phase is well melted and forms splats
hat spread over the less melted SDC particles. Fig. 6b shows a coat-
ng formed in a lower-power plasma (55.4 kW). It can be seen that
he CuO is very highly melted, even in the lower-power plasma. It
Fig. 5. CuO deposition efficiency relative to that of SDC with varying plasma power.

can also be seen that the spray dried SDC agglomerates break up
into smaller particles during the spraying process. This is likely a
result of a combination of low particle temperature and high parti-
Fig. 6. APS CuO–SDC coatings sprayed with (a) high (80.7 kW) and (b) low (55.4 kW)
plasma energy conditions.
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Fig. 7. Cross-section of an anode coating produced for a symmetrical cell with the set of spraying parameters and conditions shown in Table 2.
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Fig. 8. EDX maps of a Cu–SDC coating produced for a symmetrical c

r whether the droplets only partially melt in the plasma, leading
o breaking up of the particles upon impact with the substrate, but
lusters of SDC remain intact in the coatings. The SDC particles in
he coating show a wide size distribution, from sub-micron to tens
f microns.

.1.2. Symmetrical cell microstructural analysis
After analyzing the results from the screening tests, further mod-
fications were made to the spraying and feedstock conditions. The
uO particle size was decreased to reduce the size of the splats of
he highly melted CuO particles and to improve the extent of mix-
ng with the SDC to improve the microstructure. The SDC particle
ize was decreased to allow the coatings to be sprayed with a lower

Fig. 9. Cross-section of metal-supported cell.
th the set of spraying parameters and conditions shown in Table 2.

plasma power in order to produce coatings on YSZ substrates with-
out breaking them due to thermal shock and to increase the surface
area for reaction. The plasma gas flow rate was reduced to allow
higher residence times of the particles in the plasma and therefore
better melting of the SDC particles.

Fig. 7 shows a cross-section SEM micrograph of a coating pro-
duced with the set of spraying parameters and conditions listed
in Table 2 for symmetrical cells, after reduction with H2. It can be
seen that decreasing the SDC and CuO particle sizes and applying a
low plasma gas flow rate resulted in coatings with a more uniform,
porous, and well mixed microstructure with the desired charac-
teristics of anodes: fairly high surface area, porosity, and extensive
CuO–SDC mixing and contact. Fig. 8 shows EDX maps of the coat-
ing, confirming that the CuO and SDC phases are fairly well mixed.
EDX measurements determined that the volume fraction of Cu in
the coatings after reduction was 39.8 vol.%.

3.1.3. Metal-supported cell microstructural analysis
Fig. 9 shows an SEM micrograph of a metal supported cell cross-

section. As seen in the SEM micrograph, the anode is porous, with
a thickness of approximately 20 �m. The use of fine SDC and CuO
particles resulted in a fine microstructure with fairly high surface
area. An EDX map of the anode is shown in Fig. 10. From the map, it
can clearly be seen that the Cu and SDC phases are well mixed. EDX
measurements determined that the volume fraction of Cu in the
coatings after reduction was 35 vol.%. EDX of the cell after testing
in methane revealed no carbon residue on the anode surface.
3.2. Electrochemical performance

3.2.1. Symmetrical cell electrochemical performance
Impedance spectroscopy was conducted on an electrolyte

supported Cu–SDC double-anode symmetrical cell over the temper-
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Fig. 10. EDX map of a Cu–SDC anode layer in a metal-supported cell.
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electrolyte-supported symmetrical cells, and anodic polarization
resistance calculated for the anodes in the metal-supported full
cells.
Fig. 11. Impedance spectra of an elec

ture range from 620 ◦C to 772 ◦C. The measurements were repeated
everal times during 90-min holds at each temperature. Fig. 11
hows the impedance spectra of the symmetrical cell at 723 ◦C
nd 772 ◦C. Each impedance spectrum shown was obtained after
0 min of dwelling at the specific temperature. Impedance values
re normalized to electrode area.

The area-specific polarization resistance for each anode is shown
n Table 3 for all temperatures tested, assuming that each anode in
he symmetrical cell has the same polarization resistance. The fairly
igh area-specific polarization resistance is at least in part due to
he extremely low catalytic activity of the Cu in the anode layer, and
artly due to the need for further microstructural refinement.

.2.2. Metal-supported cell electrochemical performance
Polarization curves of the metal-supported cell at temperatures

rom 600 ◦C to 700 ◦C are shown in Fig. 12. Nyquist impedance
lots at cell polarizations of 0.7 V and OCV can be seen in Fig. 13.
orresponding Arrhenius plots of the cell polarization resistances
etermined from the EIS testing of the metal-supported cell at
CV are shown in Fig. 14, along with results from cathode–cathode
ymmetrical cell testing reported in the literature using the
ame cathode processing parameters [25]. Arrhenius plots of the
node–anode symmetrical cell testing results are also shown in
ig. 14, along with calculated values of ASRp from the metal-

able 3
ummary of area-specific polarization resistances of a metal-supported cell and of
symmetrical electrolyte-supported cell.

SRp (� cm2) at OCV

etal-supported cell Electrolyte-supported cell

(◦C) Full cell Cathode Calculated anode T (◦C) Anode

712 5.51 0.73 4.78 772 12.4
60 10.9 1.34 9.55 723 21.8

610 15.9 2.55 13.4 672 38.5
60 27.6 5.26 22.3 620 67.4
-supported symmetrical cell at OCV.

supported cell tests, calculated from the full cell impedance values
at OCV and the symmetrical cell cathode ASRp values. Activation
energies for the four configurations were found to be 0.90 eV for
the anode–anode symmetrical cell, 0.91 eV for the cathode–cathode
symmetrical cell, 0.69 eV for the calculated anode ASRp in a metal-
supported cell, and 0.72 eV for the metal-supported full cell. An
Arrhenius plot of the metal supported cell ohmic resistance is also
shown in Fig. 14. The activation energy of the ohmic resistance of
the metal-supported cell was found to be 1.0 eV. This value is sim-
ilar to values reported in the literature for APS electrolytes [27].
Table 3 shows the polarization resistances obtained by EIS test-
ing of the metal-supported cell and the corresponding cathodic
polarization resistance [25], anodic polarization resistance from
Fig. 12. Polarization curves of a metal-supported cell.
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Fig. 13. Nyquist plots at cell polarizations of (a) 0
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ig. 14. Arrhenuis plots of the metal-supported cell, metal-supported
athode–cathode symmetrical cell [25], and electrolyte-supported anode–anode
ymmetrical cell. ASR given in units of � cm2.

. Conclusions

Cu–SDC anode coatings have been fabricated and tested in
lectrolyte-supported symmetrical cell and full metal-supported
ell configurations. CuO and SDC powders were sprayed simul-
aneously onto electrolyte supports or electrolyte coatings on

etal-supported cathodes and subsequently reduced in hydrogen
o produce Cu–SDC anode layers on test substrates, electrolyte
upported symmetrical cells, and metal-supported full cells. Using
ne powder feedstock and the spraying conditions developed, well
ixed coatings with 35–40 vol.% Cu were fabricated, and a cal-

ulated anode polarization resistance of 4.78 � cm2 was obtained
ith the Cu–SDC anodes at 712 ◦C in metal-supported cell tests.
dditional improvements can likely be achieved through the addi-

ion of Co or other more catalytically active materials; these studies
re currently underway.
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