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Abstract

Carbon deposition is an issue when operating solid oxide
fuel cells (SOFC) on fuels other than hydrogen, and so a
variety of strategies have been used to prevent carbon accu-
mulation on the anodes. In this paper, we describe a bilayer
anode that contains a functional layer consisting of Ni/YSZ
and a conduction layer consisting of Cu/YSZ. The anode-
supported button cells were fabricated using a uni-axially
pressing technique to produce the anode, followed by
impregnation with Cu. The cells were tested at 1,023 K in

1 Introduction

In recent years, solid oxide fuel cells (SOFC) have received
significant attention because of their high fuel conversion effi-
ciency and their fuel flexibility. Ceramic Fuel Cell Limited
(CFCL) [1, 2] has developed a 2 kW SOFC stack and achieved
an electrical efficiency up to 60% in natural gas. In the CFCL
stack test, natural gas is partially (10%) externally pre-
reformed with a steam to carbon ratio (S/C) of 2 to remove
larger hydrocarbons [1]. A S/C ratio >2 is generally required
because nickel, which is the typical anode material for SOFC,
is susceptible to carbon deposition [3-5]. Pre-mixing the fuel
with steam may result in thermal gradients in the anode if the
endothermic and exothermic reactions are not appropriately
balanced throughout the anode [6]. In addition, a lower open
circuit voltage (OCV) will be obtained due to dilution of the
fuel, and the system complexity is increased [4]. For instance,
a water management system must be implemented and fail-
ure to supply water to the anode can lead to irreversible dam-
age of the cells due to coking. While Ni-based anodes have
shown stable operation in CH, in a narrow window of oper-
ating conditions — high current densities (>0.8 A cm™) and
lower temperature (<973 K) [7] - it is unlikely that Ni can be
used in the anode for larger hydrocarbons and low water con-
tent without deactivation.

dry CH, and their performance compared to that of a typical
Ni/YSZ anode. The Cu does not catalyze the cracking of
methane and as such less carbon deposits in the conduction
layer resulting in anode stability for over 100 h. The limita-
tion with using Cu in the anode is the temperature of opera-
tion.

Keywords: Bilayer Anode, Carbon Deposition, Copper,
Methane, Solid Oxide Fuel Cell

For this reason, several studies have focused on increasing
the carbon tolerance of Ni by alloying Ni with various metals
including Cu [8-10], Sn [11-13], and Au [14], adding alkali
metal oxides (MgO, CaO, SrO, and BaO) to the Ni [15-17], or
using alternative materials such as CeO,-Cu [18, 19], or
Lag 75519.25CrgsMng 503 s (LSCM), and La,Sr;_,TiO; (LST)
[20-22]. Although some of these different anodes have shown
improved carbon tolerance, the electrochemical performance
often decreases when the Ni is promoted or replaced [11, 21].

Thus, another approach for developing an anode that is
suitable for use with hydrocarbon fuels is the separation of
the anode into two layers: a thin (~10 to 20 pm) functional
layer (AFL) for the electrochemical reactions and a thicker
layer for current collection and support (namely anode con-
duction layer, ACL) [23-25]. Gross et al. [24] obtained a maxi-
mum power density of 0.539 W em™ in CH, (3% H,0) at
1,073 K for a thin (15 pm) 1 wt.% Pd and CeO, functional
layer with a non-catalytic perovskite, Lag35ro;TiO;, as the
conduction layer. Lag3Srg;TiO; (LST) was reported to show
redox stability, satisfactory electronic conductivity (up to
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16 S cm™ in reducing atmosphere) [26], as well as sulfur tol-
erance [27]. Pillai et al. [25] reported a bilayer anode with a
thin (30 pm) Ni/YSZ functional layer and a thicker (~700 um)
Lag»SrgsTiO5 conduction layer that was stable in synthetic
natural gas for current densities as low as 0.2 A cm™ with lit-
tle cell voltage degradation (an initial ~120 mV drop) in a fuel
mixture of H, and 50-100 ppm of H,S. In further work by this
group [28], the superior stability against coking of the
Ni-based LST-supported cell was attributed to the thin
Ni-cermet layer that was positioned where conditions are
least prone to coking: lower CH4 and higher H,O and CO,
partial pressure (see Figure 4 in Ref. [28]).

Cu is relatively inert in terms of breaking C-C bonds, a
good electronic conductor and also relatively inexpensive
[19]. Thus, we have prepared and investigated a bilayer
anode with a thin (~80 um) Ni/YSZ functional layer and a
thicker (~600 pm) Cu/YSZ conduction layer for the direct uti-
lization of dry CHy Due to its low melting temperature,
1,356 K, Cu must be added by impregnation of a Cu nitrate
solution into a pre-sintered YSZ porous matrix [18]. For the
anode functional layer (AFL), Ni/YSZ was chosen due to its
good electro-catalytic activity for the H, oxidation reaction.
Previous studies in our group [29, 30] have also shown that
Ni/YSZ at the TPB (in AFL) is less susceptible to carbon
formation than the Ni/YSZ in ACL. A recent study [31]
has demonstrated that a Ni-interlayer Cu-based anode
structure was much more stable (72 h) in dry methane at
1,073 K and no carbon formed under the testing conditions
(=300 mA cm™,1,073 K and 72 h).

Our experience is that Cu is not stable at 1,073 K and, thus,
we have tested anode-supported button cells with a
Cu/YSZ + Ni/YSZ bilayer structure at a lower temperature
of 1,023 K. The cells were prepared and tested in H, and dry
CHy, and compared to Ni/YSZ cells. The electrochemical
behavior of the anodes was determined by linear cyclic vol-
tammetry, stability tests (galvanostatic experiments), and
electrochemical impedance spectroscopy (EIS). After electro-
chemical testing, scanning electron microscopy (Environmen-
tal SEM, Philips ESEM-XL30) and energy dispersive X-ray
(EDX) analysis were performed to determine the morphology
of the bilayer anodes and the elemental composition. The car-
bon that was formed on the anodes after exposure to dry CH,
was characterized by temperature programmed oxidation
(TPO). Although the Cu/YSZ + Ni/YSZ bilayer was stable in
terms of carbon formation, the Cu sintered over 80 h at
1,023 K. Thus, these anodes may only be suitable for even
lower temperature applications.

2 Experimental
2.1 Cu/YSZ + Ni/YSZ Bilayer Anode Cells Preparation

Cu/YSZ + Ni/YSZ bilayer anode cells were prepared by
uni-axially pressing yttria-stabilized zirconia (YSZ, Tosoh,
TZ-8Y, Japan) powder for the electrolyte, nickel oxide (NiO)/
YSZ powder for the AFL and a mixture composed of YSZ and

pore former for the ACL. The NiO/YSZ powders were pre-
pared by mixing NiO (51 wt.%, Alfa Aesar, 99% purity,
USA), YSZ powder (43 wt.%), and graphite (6 wt.%, Alfa
Aesar, conductive grade, 325 Mesh), with zirconia milling
media in ethanol for 24 h. After mixing, the powders were
dried and ground in a mortar followed by sieving to obtain
particles <150 um in size. The mixture for the ACL was pre-
pared by mixing YSZ and the pore former poly-methyl meth-
acrylate (PMMA, MW of 540,000 g mol™; Scientific Polymer
Products, Inc., USA) in the weight ratio of 60:40 in ethanol for
24 h. After drying, the binder poly-vinyl alcohol (PVA; Alfa
Aesar) was added to the powders to increase the mechanical
strength of the disks. After uni-axially pressing at 44 MPa,
the three-layered structure was sintered in air at 1,623 K for
2 h using a heating and cooling rate of 5 K min™".

The metal phase, Cu, was incorporated into the porous
YSZ matrix of the ACL by impregnation of a 3 M Cu(NOj3),
solution prepared by dissolving Cu(NOj;), - 3H,O (Alfa
Aesar) salt in de-ionized water. Before the impregnation pro-
cedure, the porosity of the YSZ matrix was determined by
water-uptake measurements, as described in Ref. [32], to be
approximately 66 vol.% (i.e., the volume of pores is 0.15 ml).
A micropipette was used to add a known quantity (0.1 ml) of
Cu(NO3), solution to the YSZ matrix. The Cu loading target
was between 36 and 40 wt.% (with respect to the YSZ) for all
bilayer anode cells. This loading corresponds to 19-21 vol.%
(Vcu/(Veu + Vysz) x 100) of Cu, which is well above the per-
colation threshold of ~10 vol.% [33, 34] required to obtain
electronic conductivity but the resistances of five cells with
different Cu loadings were measured to verify this value for
our microstructure. Because the quantity of the Cu(NO;),
solution added to the YSZ matrix was known, the equation
below was used to estimate the number of impregnation and
calcination cycles:

0 Mcy

N McuCsolbsol @
where mc, denotes the quantity of Cu (g), Mc, is the molecu-
lar weight (Mc, =63.54 g mol™), Cy, is the molarity of the
solution (Cso = 3 mol L™ Cu(NO;),), and vy is the volume
of the solution that is added at each impregnation step
(so1 = 0.1 ml). Complete conversion of Cu(NO;), to Cu upon
decomposition and reduction was assumed.

Calcination was done in air at 723 K for 1 h, and the
impregnation procedure was repeated on average 10 times,
as expected according to Eq. (1), until the Cu loading in the
anode was approximately 40 wt.% with respect to the porous
YSZ matrix (i.e., Weu/Wysz-anode X 100). Finally, the CuO in
the conduction layer was reduced in situ to Cu during cell
testing. Table 1 summarizes the materials and quantities used
to fabricate the Cu/YSZ + Ni/YSZ bilayer anode cells.

Typical Ni/YSZ anode-supported cells were prepared by
uni-axially pressing YSZ powder for the electrolyte and NiO/
YSZ powder for the anode. The NiO/YSZ mixture was pre-
pared as described above and formed both the functional and
conduction layers of the anodes in the Ni/YSZ cells. The
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Table 1 Materials used to fabricate bilayer anodes and Ni/YSZ button cells.

Cell type Cathode Electrolyte Anode functional layer (AFL) Anode conduction layer (ACL)
Cu/YSZ + Ni/YSZ | YSZ | Pt Pt YSZ NiO/YSZ YSZ/PMMA + Cu

Quantity (g) 0.01 0.5 0.1 0.8 +~0.2

Ni/YSZ|YSZ | Pt Pt YSZ NiO/YSZ

Quantity (g) 0.01 0.5 15

layers of electrolyte and anode powders were co-pressed at
44 MPa, and the resulting structure was sintered in air at
1,623 K for 2 h using a heating and cooling rate of 5 K min™
[30].

For all Ni/YSZ and the bilayer anode cells, the cathode
was made by painting Pt (Engelhard, USA) onto the electro-
lyte and firing at 1,123 K in air for 1 h. All cathodes had a
geometric area of 0.3 cm” and were left open to air. Ag wires
(Alfa Aesar) were attached to the electrodes as current collec-
tors. Pt paste (Engelhard) was used to attach the wire to the
cathode side and Ag paste (Alfa Aesar) was used to connect
the wire to the anode side. A ceramic sealant (Aremco, 552
VFG, USA) was used to seal the cells onto the alumina cell
tube (McDanel Advanced Ceramic Technologies, USA). A
schematic of the Cu/YSZ + Ni/YSZ bilayer anode cell
attached to the alumina tube is shown in Figure 1.

2.2 Electrochemical Testing and Post-Test Analysis

Electrochemical experiments including linear cyclic vol-
tammetry, stability tests (galvanostatic experiments), and EIS
were performed using an electrochemical interface (1287
potentiostat + 1260 frequency response analyzer, Solartron
Analytical, UK) at 1,023 K. In the galvanostatic tests, the cur-
rent density was held at 100 mA cm™. EIS tests were done at
OCV with a voltage amplitude of 20 mV and in the frequency
range 10°-10 Hz.

The flow rate of humidified H, (Grade 5, Praxair, Canada)
was 50 ml min™. Humidification was achieved by bubbling

the gas through de-ionized water at 299 K. The flow rate of
dry CH,4 (Grade 3.7, Praxair) was 25 ml min~'. The flow rate
of each fuel was fixed by a mass flow controller (Type 11794,
MKS Instruments, USA) previously calibrated with a flow
calibrator (Mini-Buck Calibrator; A. P. Buck, Inc.,, USA) at
ambient pressure (88 kPa) and temperature (299 K).

Temperature programmed oxidation was used to analyze
the carbon that was formed on the anodes tested with dry
CH,4. When cooling the fuel cell, the anode was exposed to
He to prevent oxidation of the carbon. TPO experiments were
carried out using 10 vol.% O, in He with a total flow rate of
50 ml min™". The temperature in the reactor was ramped from
room temperature to 1,173 K at 10 K min™ and the outlet
gases were analyzed with a mass spectrometer (Cirrus™;
MKS Instruments). Signals for m/z =44 (CO,), m/z =28
(CO), m/z=32 (Oy), m/z=18 (H,O), m/z =2 (H,), and
m/z = 4 (He) were monitored during TPO.

After electrochemical testing, scanning electron micro-
scopy (Environmental SEM, Philips ESEM-XL30) and EDX
analysis were performed to determine the morphology of the
bilayer anodes and the elemental compositions of the AFL,
ACL, and electrolyte. The EDX quantification was performed
with atomic number, absorption, and fluorescence corrections
(ZAF corrections). The EDX analysis was done for a mini-
mum of three different regions (10 x 10 pum? in size) of the
AFL.
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Fig. 1 Schematic of the Cu/YSZ + Ni/YSZ bilayer anode cell attached to the alumina cell holder and its components.
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3 Results and Discussion

3.1 Cu/YSZ and Ni/YSZ Bilayer Anode Cell Microstructure and
Elemental Analysis

Figure 2 shows SEM micrographs and the EDX analysis
for a Cu/YSZ + Ni/YSZ bilayer anode cell after testing in
humidified H,. The morphology of the AFL (Figure 2a) was
similar to that of the typical Ni/YSZ anode. Figure 2b shows
the EDX results corresponding to the Ni/YSZ AFL. The per-
centages of the elements O, Y, Zr, Ni, and Cu were 6.3, 11, 40,
31, and 12 wt.%, respectively, in the AFL. Considerably more
Y than O was observed, and this was most likely due an arti-
fact resulting from the overlap between the O Ka and Y Ka
peaks in the EDX spectra. Cu was observed in the AFL, sug-
gesting that the Cu(NO;), solution percolated into the ACL
during preparation. Cu is known to form a solid solution
with Ni at the typical SOFC temperatures.

The ACL is shown in Figure 2c. Large pores (~100 um)
were formed in the ACL after burn-off of the pore former
PMMA. The particle size distribution of PMMA powders was
characterized by a ds, of approximately 90 pm, and dqoo less
than 150 pm. This hollow structure for the ACL is beneficial
for wet impregnation and reducing gas transport resistances
to and from the TPB, but it may lack mechanical strength.
EDX was done over four areas representative of the ACL and
the average elemental analysis is shown in Figure 2d. In addi-
tion to elements of O, Y, and Zr, as expected for the YSZ, Cu
was detected in the amount of 49.9 wt.%, that is higher than

the expected target of 40 wt.%. The small amount of Ni
(1.2 wt.%) in the ACL detected by EDX was most likely due
to X-ray background noise that was originated from the
Ni/YSZ functional layer.

There are a range of appropriate Cu loadings reported in
the literature from 19 wt.% (~10 vol.% w.r.t. YSZ) up to
40 wt.% [33-35] and, thus, the ohmic resistance of five differ-
ent cells prepared identically except for the Cu loading in the
ACL were determined. Figure 3 shows the ohmic resistance
(Rg) of the cells versus the Cu loading in the ACL, as mea-

1.40
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1.20 |
e
o
¢ 1.00f
~ [m]
a
o v
0.80 |
0o
0.60 1 1 1 1 1
15 20 25 30 35 40 45

Cu loading / wt. %

Fig. 3 Ohmic resistance of Cu/YSZ + Ni/YSZ | YSZ | Pt cells as a function
of the Cu loading in the conduction layer. Fuel: Hy (50 ml min™');
T=1,023K.

Fig. 2 SEM micrographs and EDX analysis of (a and b) the anode functional layer and (c and d) the anode conduction layer for a Cu/YSZ + Ni/YSZ

bilayer anode after testing in humidified H,.

FUEL CELLS 14,2014, No. 2, 162-170

www.fuelcells.wiley-vch.de

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 165

(*]
-
@
<=
>
F
]
m
)
m
>
]
o)
X
>
v
m
]




o
"
g
a
x
v
&
g
]
L]
l
o
|
g
=
o
o
o

Fuel Cells

Buccheri, Hill: Evaluation of a Cu/YSZ and Ni/YSZ Bilayer Anode for the Direct Utilization of Methane

sured by EIS after 1 h of testing in H, at 1,023 K. The Rq
decreased from 1.24 Q cm? at 20 wt.% Cu to 0.68 Q cm? at
36 wt.% Cu. The addition of more Cu, up to 3940 wt.%, did
not change the cell R, within the experimental error of the
measurement (standard deviation of 0.110 Q c¢m?). The thin
film theory [34] predicts that the electrical conductivity of a
porous Cu/YSZ slab reaches an asymptotic value above
15 vol.%, which is consistent with our results and no
improvement being obtained above 36 wt.% of Cu
(~ 19 vol.%). In fact, the ohmic resistance increased to
0.96 Q cm? at a Cu loading of 43 wt.%, which suggests that
the Cu did not percolate throughout this cell and an uneven
distribution was obtained with parts of the anode having Cu
loadings below the required value.

3.2 Electrochemical Characterization and Stability with Hy Fuel

Figure 4a shows current-voltage characteristics and power
density curves with humidified H, for a Cu/YSZ + Ni/
YSZ|YSZ|Pt cell. Results for the Ni/YSZ|YSZ|Pt cell are
also shown for comparison. The cell OCV were 1.078 and
1.051 V for the bilayer anode and the typical Ni/YSZ cell,

1.2

00000000, @) | 300
A OOO
iy, )
10 | 12 o
_ 50 E
) ) gt W o
2 bl o {200 Z
@
3 i
L] =
S 06 1150 2
= <
(&} 1100 &
04} %
o
150
0.2
& | | " . . . ; 0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Current density / A cm™
b)
0.2 -
_ f/= 1.5 kHz
e f/_4|2HAzAAAA§AA
o 60 °®R% a
G 0.1 o a”™ %o a
- oo AA OO AA
i & -
b 9 ; MOHZ M.OE Hz
o A G,
o A O
0.0 ° A ° o
o N o o
o A
= L 1 1
0.6 0.8 1.0 1.2
Z' I Qcm?

Fig. 4 (a) Cell voltage (filled symbols) and power density (open symbols)
curves as a function of the current density for (®, O) a Ni/YSZ|YSZ|Pt
and (A, A) a Cu/YSZ + Ni/YSZ|YSZ | Pt cells. (b) Nyquist plots in humi-
dified H, for the (O) a Ni/YSZIYSZIPt and (A) Cu/YSZ+Ni/
Ysz| Yszﬁ Ptat OCVand 1,023 K. Inlet fuel Hy = 50 ml min™.
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Fig. 5 Cell voltage as a function of time for a Cu/YSZ + Ni/YSZ|YSZ | Pt
cell tested in humidified H, and 100 mA ecm™2 at 1,023 K.

respectively. These OCV values are close to the theoretical
Nernst potential calculated for a fuel mixture of 96% H, and
4% H,0O (1.096 V at 1,023 K), thus indicating that the cells
were well sealed. Peak power densities of 228 and
288 mW cm™ were obtained for the bilayer and the Ni/YSZ
cells, respectively.

The EIS spectra for these cells are shown in Figure 4b. The
EIS spectrum for the Cu/YSZ + Ni/ YSZ|YSZ|Pt cell con-
sisted of two arcs: one arc was obtained for the high fre-
quency (peak frequency fucax = 1.5 kHz) and a second arc
was obtained for the low frequency (fpeax = 0.03 Hz). Al-
though it is difficult to assign the arcs to a specific process in
2-electrode impedance work, the main arc could be attributed
to charge transfer reactions, while the low-frequency arc
could be attributed to diffusion through the porous anode
[36] and/or cell geometry artifacts (i.e., gas conversion impe-
dance) [37]. Similarly, the EIS spectrum of the Ni/
YSZ | YSZ | Pt cell was formed by two arcs: a high frequency
(foeak = 4 kHz) and low frequency arc (fpeax = 5 Hz); how-
ever, the low frequency arc was difficult to determine due to
the noise in the EIS data points for f < 5 Hz. The polarization
resistances, R, were 0.42 and 0.52 Q cm? for the Ni/
YSZ|YSZ|Pt and Cu/YSZ + Ni/YSZ|YSZ|Pt cells, respec-
tively. The high frequency x-axis intercepts of the spectra, R,
of the cells were 0.65 and 0.74 Q cm? for the Ni/YSZ | YSZ | Pt
and Cu/YSZ + Ni/YSZ | YSZ | Pt cells, respectively.

Figure 5 shows a galvanostatic experiment for a Cu/
YSZ + Ni/YSZ | YSZ|Pt cell tested in H, at 100 mA cm™ for
80 h at 1,023 K. After an initial degradation in the first 20 min
of testing, the cell voltage was relatively stable at ~0.8 V with
a degradation rate of 1.4 mV h™' over the duration of the
experiment. The area specific resistance (ASR) of the cell was
also calculated as the ratio between the cell voltage drop from
the OCV value to the operating current density of
100 mA cm™. After 20 min of testing, the ASR was 2.4 Q cm?
and increased to 3.5 Q cm? after 80 h in H,. The ASR degra-
dation rate was calculated to be 14 mQ cm” h™".
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3.3 Electrochemical Characterization and Stability with Dry CH,
Fuel

Figure 6a shows current-voltage characteristics and power
density curves for the cells with a Cu/YSZ + Ni/YSZ bilayer
anode and a typical Ni/YSZ anode exposed to 25 ml min™" of
dry CH, at 1,023 K. The OCV of the cell with a Ni/YSZ anode
was 1.154 V in dry CHy, which is slightly higher than the OCV
value of 1.13 V reported for a Ni/YSZ anode in humidified
CH,4 (with 3% H,O) [7]. For the cell supported by Cu/YSZ, a
lower OCV of 1.042 V was obtained. Similarly, Kim et al. [8]
reported an OCV of 1.0 V for a Cu-Ni alloy anode, while
Gorte et al. [18] reported an OCV of 0.9 V for a Cu-CeO, anode
in dry CHy. A peak power density of 238 mW cm™? was
obtained with the Ni/YSZ | YSZ | Pt cell that was higher than
the peak power density of 145 mW cm™ observed with the
Cu/YSZ + Ni/YSZ|YSZ| Pt SOFC in dry CH,. As shown in
Figure 2, some Cu penetrated into the functional layer and so
the number of Ni sites at the TPB is likely reduced in the
bilayer anode, which results in a lower performance.

Figure 6b shows the EIS spectra for the two cells in dry
CH,. The ohmic resistances, Rqg, were 0.66 and 0.78 Q cm? for
the Ni/YSZ and bilayer anode cells, respectively. These val-
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Fig. 6 (a) Cell voltage (filled symbols) and power density (open symbols)
as a function of the current density for (W, ) Ni/YSZ | YSZ|Ptand (%, )
Cu/YSZ + Ni/YSZ|YSZ | Pt cells. (b) Nyquist plots in dry CH4 for the (1)
Ni/YSZ|YSZ|Pt and the (+) Cu/YSZ + Ni/YSZ|YSZ|Pt cell at OCV and
1,023 K. Inlet fuel CH, = 25 ml min™.

ues are similar to those obtained in H, but the shapes of the
spectra were different and consisted of a single depressed-
arc. The span of the arc was also larger in dry CH4 — 2.14 and
1.58 Q cm? for the Ni/YSZ and bilayer anode cells, respec-
tively.

To investigate the stability of the Cu/YSZ + Ni/
YSZ | YSZ | Pt in dry CHy, a galvanostatic test was performed
at 100 mA cm™ and 1,023 K, and the results are shown in Fig-
ure 7. In dry CH,, the cell voltage was essentially stable at
approximately 0.6 V and a cell voltage degradation of
1.2 mV h™! was calculated over 117 h. The total area specific
resistance (ASR) increased from an initial (f = 20 min) value
of 3.4-4.8 Q cm? at the end of experiment, which corresponds
to an ASR degradation rate of 12 mQ cm? h™!, similar to the
degradation values that were obtained in H, (the results from
Figure 5 have been included in Figure 7 for easier compari-
son). In Figure 7, the cell stability of a typical Ni/YSZ anode-
supported cell operated in dry CHy and 100 mA cm™ is also
shown in the inset. For the Ni-supported cell, the cell voltage
degraded rapidly due to coking and dropped to zero within
10 h of operation (but the cell was exposed to methane for
24 h). In anode-supported cells, carbon formation is much
more severe than in electrolyte-supported cells [30].

Following the galvanostatic test, TPO experiments were
performed to characterize the carbon formed. After testing,
the cell was removed from the cell holder, and the entire cell
— including electrolyte, cathode, and current collectors — was
weighed and introduced into the TPO reactor. Because of the
difficulty in recovering all of the catalyst and carbon material
from the cell holder, the CO, production during TPO was
normalized by the weight of sample used in the reactor. The
TPO profiles are shown in Figure 8 for the two cells tested in
the experiment shown in Figure 7. For the Cu/YSZ + Ni/
YSZ anode, a low temperature CO, peak was observed
between 500 and 800 K, and this peak is much smaller that

1.2
1.2 > . CH Ni-YSZ/YSZ/Pt
s 0.8 ™ .
> 1.0 >04 .
° 3 E
& H, 0.0 .
= / 0 4 12
2 08 O Ooog Time/ h
= a CH 056
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Fig. 7 Cell voltage as a function of time for a (®, O) Cu/YSZ + Ni/
YSZ|YSZ | Pt cell in humidified H, (open symbols) and dry CHy (filled sym-
bols) tested at 100 mA cm™ and 1,023 K. The inset shows the same
experiment (100 mA ecm™ and 1,023 K) for o (W) Ni/YSZ|YSZ|Pt sup-
ported-cell in dry CH,.
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Fig. 8 TPO curves for Cu/YSZ + Ni/YSZ bilayer anode after exposure to
dry CH4 and 100 mA ecm™ for 117 h at 1,023 K (gray line), and a
Ni/YSZ anode after exposure to dry CHy and 100 mA cm™ for 24 h at
1,023 K (black line).

the peak obtained for the Ni/YSZ anode, consistent with the
relative stabilities of these anodes in dry CH, (Figure 7). For
the Ni/YSZ anode, several CO, peaks were observed: one set
of peaks between 500 and 700 K and a second set between
800 and 1,050 K. The higher temperature peaks represent a
stable type of carbon that was likely formed on the Ni/YSZ
conduction layer [30]. The Cu in the ACL reduced carbon for-
mation as has been shown and discussed by the research
group of Gorte and Vohs [8, 19]. The Cu in the AFL (Figure 2)
will also have decreased carbon formation [8, 31, 38].

The EIS spectra obtained in dry CH, are shown in Figure 9
for a different Cu/YSZ + Ni/YSZ| YSZ| Pt cell as a function
of time. The ohmic resistance (Rg) of the cell was initially
0.77 Q cm? and was reduced to 0.75 Q cm? after 24 h of test-
ing. Kim et al. [8] tested a 20 wt.% Cu-Ni alloy anode in dry
CH, and after 168 h of operation observed a significant
reduction in the ohmic resistance of the cell, suggesting that
the carbon formed at the anode can improve the connectivity
of the metal particles. While in this previous work the reduc-
tion of R was significant (from 0.9 to 0.6 Q cmz), the
improvement for the Cu/YSZ + Ni/YSZ bilayer anode cell
shown in Figure 9 is more modest, most likely due to the
higher initial electronic conductivity of our cell (0.77 Q cm?).
Furthermore, the span of the EIS arc (or R;,) at t = 24 h also
decreased in size from 1.58 to 1.29 Q cm? and reached a
minimum at 1.05 Q cm? after 12 h of testing (i.e., nearly 30%
improvement). A similar behavior was observed by Kim et al.
[8] for a Cu—-Ni alloy anode, and the improvement was attrib-
uted to the carbon formed. The carbon is beneficial to connect
isolated metal particles at the triple phase boundary (TPB),
resulting in an increase of the electrochemical activity. After
60 h of operation, however, the resistances increased to 1.22
and 251 Q cm” for R and Rp, respectively, most likely due
to Cu sintering within the anode, and subsequent degrada-
tion of electronic conductivity within the ACL.

The morphology of a Cu/YSZ + Ni/YSZ bilayer anode
tested in H, for 80 h at 1,023 K and 100 mA cm™ (experiment
of Figure 5) is shown in Figure 10. Generally, Cu formed a
well-connected film within the pores of the ACL that covered
portions of the YSZ surface. The labeled structure in the
micrograph of Figure 10a was determined by EDX analysis to
be mostly Cu (~78 wt.%). Spherical Cu particles were also
formed, however, with diameters <1 pm (Figure 10b). McIn-
tosh et al. [34] have suggested that Cu in infiltrated anodes
can form isolated particles such that the measured conductiv-
ity is lower than the value expected by the thin film theory,
which is consistent with our requirement of additional Cu
(Figure 3). Tucker et al. [39] reported a rapid cell degradation
for a Ni-infiltrated anode due to a coarsening effect of the fine
Ni particles, and subsequent loss of electronic conductivity.
The Ni particle growth is driven by the associated decrease in
surface energy, and Ni surface diffusion on YSZ is believed to
be the primary sintering mechanism at elevated temperatures
[40,41]. For Cu-infiltrated anodes, this coarsening mechanism
is expected to be even more significant because of the lower
melting temperature (1,356 K) of Cu, and the presence of the
particles of Figure 10b can be explained by Cu sintering,
which resulted in an increase of the cell ohmic resistance with
time (Figure 9). Similar Cu particles were observed in another
study (see SEM micrograph of Figure 3 in [42]) with Cu-infil-
trated anodes exposed to H, for 2 h at 1,173 K.

3.4 Discussion

From our results, it is evident that Cu-Ni bilayer anodes
are effective at reducing carbon accumulation (Figure 8) and,
thus, increasing the stability of the SOFC (Figure 7). Cu sin-
tering, however, is still an issue at 1,023 K (Figures 9 and 10).
A number of reviews [20-22, 43] have pointed out that it is
very difficult to find a material that can satisfy all the strin-
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Fig. 9 Nyquist plots at OCV with dry CH4 for a Cu/YSZ + Ni/
YSZ|YSZ [Pt cell after () 10 min, (A) 6 h, (O) 12 h, () 24 h, and (x)
60 h of testing in dry CH,4 and 100 mA cm 2 at 1,023 K.

168  ©2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.fuelcells.wiley-vch.de FUEL CELLS 14, 2014, No. 2, 162-170



Buccheri, Hill: Evaluation of a Cu/YSZ and Ni/YSZ Bilayer Anode for the Direct Utilization of Methane

Fuel Cells

Fig. 10 SEM micrographs of a pore in the anode conduction layer of a
Cu/YSZ + Ni/YSZ|YSZ|Pt cell after galvanostatic test shown in Fig. 5
(humidified H for 80 h at 100 mA cm 2 and 1,023 K): (a) a large pore
with a Cu film and (b) Cu particles within the same pore.

gent requirements for a SOFC anode: (i) redox stability, (ii)
chemical and thermal stability with cell components, (iii) elec-
trochemical activity, (iv) electronic conductivity, and (v) car-
bon tolerance. For this reason, the use of a bilayer anode is a
promising strategy because it is possible to separate the issue
of conductivity and electrochemical activity by the use of dif-
ferent materials for the AFL and the ACL [23-25].

The preparation of the anodes is not trivial. If the Cu is dis-
tributed evenly and forms a continuous thin film then the
amount required will be that predicted by the percolation the-
ory. In this work, a single step uni-axial pressing technique
was used with a wet impregnation to infiltrate the anode with
Cu because they were simple techniques to prepare the
anodes and test for cell stability and carbon formation. With
this technique, more Cu than that predicted by the percola-
tion theory (19 vol.% vs. 10 vol.%) was required to achieve an
optimal conductivity (Figure 3). Nevertheless, less Cu was
required using the impregnation technique than if a co-sin-
tered Cu/YSZ cermet (requiring ~30 vol.%) had been pre-
pared [46].

Another issue with the impregnation technique is prevent-
ing the Cu nitrate solution from percolating into the Ni/YSZ
functional layer. The presence of Cu was positive in terms of
reduced carbon formation (Figure 8) but negative in terms of
reduced performance in both humidified H, (Figure 4) and
dry CH, (Figure 6). The similar shapes of the impedance
plots (Figures 2b and 4b), for the Cu/YSZ + Ni/YSZ | YSZ | Pt

and Ni/YSZ|YSZ| Pt cell suggest that the presence of Cu in
the AFL is not changing the reaction pathway but just reduc-
ing the number of Ni sites and possibly affecting the local gas
phase composition. Ni in the ACL will promote the reforming
and decomposition reactions of CH, [30], thus producing a
gas phase composition that can be more easily electrochemi-
cally oxidized [44].

Although the power densities in CH, are lower for the
bilayer anode (Figure 6), the Cu/YSZ + Ni/YSZ anode cells
accumulated much less carbon (Figure 8) than the Ni/YSZ
anode and, thus, was stable in dry CH4 and 100 mA cm™? for
over 100 h, while the Ni/YSZ anode cell was destroyed with-
in 10 h. During the galvanostatic experiment (Figure 7), the
cell voltage degraded with a rate of 1.2 mV h™', which was
actually slightly less (but likely within experimental error)
than the degradation rate of 1.4 mV h™ in humidified H,
(Figures 5 and 7), thus indicating that factors other than car-
bon formation caused this degradation. Aside from cell to cell
variations (delamination at the cathode, quality of sealing,
etc.), that affect the degradation rate, the poor thermal stabil-
ity of Cu is likely the main factor in the degradation of the
bilayer cells [10]. The ohmic resistance was the smallest after
12 h of operation and then increased substantially after 60 h
of operation (Figure 9). This minimum is likely a result of car-
bon deposition improving the conductivity initially followed
by the sintering of the Cu reducing the conductivity. Gorte et
al. [18] have reported that Cu is likely to be sufficiently stable
at temperatures <973 K. At lower temperatures, the ionic con-
ductivity of the YSZ electrolyte decreases. Exchanging the
YSZ for a different material (e.g., gadolinium doped ceria) is
possible but then other factors are introduced. The problem
with the thermal stability of the Cu may be reduced or elimi-
nated by lowering the temperature of operation and/or using
a different fabrication technique, such plasma spraying [45],
for example.

4 Conclusion

A Cu/YSZ and Ni/YSZ bilayer anode for SOFC was pre-
pared by single step uni-axial pressing to produce the anode
support followed by impregnation of Cu into the porous YSZ
matrix. This anode exhibited improved tolerance toward car-
bon and was operated at 1,023 K in dry CH, and 100 mA ¢cm™
for over 100 h. The cell voltage degradation was <12% during
this period. The cell degradation was attributed to a reduc-
tion of the cell ohmic resistance due to the sintering of Cu at
1,023 K, and thus these anodes are suitable for lower temper-
ature applications. The stable performance of the bilayer
anode toward dry CH,4 was attributed to its improved carbon
tolerance. In comparison, a comparable button cell with a
Ni/YSZ anode had much higher initial performance but
failed within 10 h under the same conditions because of
excessive carbon formation.
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