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a b s t r a c t

The effect of barium doping on a fuel cell anode consisting of a Ni0.53Cu0.47 alloy and gadolinia doped ceria
cermet (50:50 wt.) was investigated in an intermediate temperature solid oxide fuel cell (IT-SOFC) fed with
dry methane. IT-SOFCs containing the same cathode-electrolyte configuration but equipped with different
anodes were compared in terms of performance, steady state operation, and formation of carbon deposits
on the anode surface. After proper cell conditioning, similar maximum power densities of 284 mW cm−2

and 310 mW cm−2 were obtained in dry methane fuel at 750 ◦C for the anodic compositions with and
without barium, respectively. The anode containing barium did not show significant carbon deposits after
a-doping
i-Cu catalysts
adolinia doped ceria
asicity
irect utilization

a 200 h time-study in dry methane whereas the anode without barium showed the presence of carbon
deposits as evidenced by X-ray diffraction (XRD). Both anode formulations showed carbon deposits when
exposed to dry CH4 in ex-situ experiments. The electrochemical profile recorded during the time-study
was different in the two systems. In the absence of barium, a slow and progressive increase in performance
as a function of time was achieved. On the contrary, the Ba-doped anode achieved optimum performance
in a short time. It is determined that the presence of barium reduces carbon deposition under fuel cell

the
conditions and influences

. Introduction

The direct utilization of dry hydrocarbons in solid oxide fuel
ells is a promising process in terms of high efficiency and
ystem simplicity. Various anode catalysts have been investi-
ated for this process, including Cu and Ni-based cermets (e.g,
u/CeO2/YSZ, Ni-alloys, Cu-alloys) [1–8], various perovskites e.g.
La0.75Sr0.25)0.9Cr0.5Mn0.5O3 [9], ceria based anodes doped with
recious metals [10], Au/GDC [11], Cu–Co mixtures [12], niobium
itanates [13], tungsten bronze [14], etc. The main drawback of this
rocess is the carbon deposition that occurs, especially on Ni cat-
lysts, leading to anode deactivation [15–17]. Preventing carbon
eposition is, therefore, of primary importance for the use of Ni-
ased catalysts in direct oxidation processes. A reduction of carbon
eposits was also observed in unmodified Ni catalysts at low tem-
eratures in the presence of a proper combination of ceria and

irconia based electrolytes (YSZ) [8]. This behaviour has been inter-
reted in terms of enhanced oxygen ion transfer promoted by the
oped-ceria in combination with the oxygen storage properties of
SZ [8]. It has been demonstrated by Barnett and co-workers [8] that
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electrochemical behaviour.
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there is a narrow temperature window (550–650 ◦C) in which car-
bon formation is not thermodynamically favoured and it is possible
to utilize hydrocarbons directly [8]. Moreover, it is well known that
basic oxides, MgO–CaO, are excellent supports for Ni in several het-
erogeneous catalytic processes [18]. Carbon deposition is prevented
effectively during the reaction of CO2 with CH4 by supporting Ni
on these supports [19]. This suppression of carbon deposition was
attributed to the basicity of the MgO–CaO mixed oxides [18]. These
oxides are characterised by insulating electrical properties, thus
they can be used in the electronic conducting phase of SOFC elec-
trodes only at doping levels. Barium was selected due to the high
basicity characteristics of its oxide to modify the anode catalyst. It
was preferred the doping of the anode catalyst surface with small
amounts of Ba to avoid ohmic constraints. In the present study,
the effect of barium-doping on carbon deposition during the CH4
oxidation over a Ni0.53Cu0.47 alloy/CGO cermet catalyst has been
investigated.
2. Experimental

A planar type cell architecture was used in this study. It consisted
of three active layers and gold paste as a current collector for the
anode and cathode.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:arico@itae.cnr.it
dx.doi.org/10.1016/j.jpowsour.2009.01.096
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The anode was, in situ, reduced in hydrogen at 800 ◦C for
2 h to form a Ni–Cu alloy in the cermet. Cell temperature was
subsequently decreased to 750 ◦C. Fig. 3 shows the polarization

Table 1
Weight percentages related to the elements contained in the Ba-doped
Ni0.53Cu0.47Ox/CGO and in the undoped Ni0.53Cu0.47Ox/CGO. Light elements such as
O and C are not detectable in this XRF analysis.
D. La Rosa et al. / Journal of P

i) Anode: cermet of CGO and Ni0.53Cu0.47 alloy (50:50 wt.) (with
or without barium, thickness: 15 �m)

ii) Electrolyte: CGO (20% Gd) (thickness: 300 �m)
ii) Cathode: La0.6Sr0.4Fe0.8Co0.2O3−ı (thickness: 15 �m)

Synthesis of the CGO powders was done by a co-precipitation
ethod described elsewhere [20,21]. The CGO powders were

ompacted by uniaxial pressing (300 MPa). The green pellet was
reated at 1550 ◦C for 6 h in static air obtaining a disk supported
lectrolyte membrane (mass density, � > 95%). The cathode elec-
rode was deposited by spraying. The slurry was composed of a
a0.6Sr0.4Fe0.8Co0.2O3−ı (PRAXAIR) using isopropanol as a disper-
ant. The deposit was then fired at 1100 ◦C for 2 h under static
ir to ensure a good interface between electrode/electrolyte mem-
rane. The anode was also deposited by spraying, using the same
rganic vehicle as for the cathode. It consisted of a gadolinia
oped ceria and NiCu oxide. The anode layer was fired at 1000 ◦C
or 2 h. The synthesis of NiCu oxide powder was done by a
omplexation–decomposition method described elsewhere [22].
a-doping was done by impregnating the calcined NiCuOx/CGO
ixture (50:50 wt.%) with an aqueous solution of the metal nitrate

alt of Ba, followed by drying and further calcination at 773 K for
h. The amount of barium in the composite anode layer, as deter-
ined by X-ray fluorescence (XRF), was about 1% wt. Finally, the

ell was mounted on an alumina tube, sealed with quartz adhesive
AREMCO), and heated to 800 ◦C in air. Reduction of the NiCuOx

o a Ni–Cu alloy was carried out in situ in the presence of a hydro-
en stream at 800 ◦C. Subsequently, the temperature was decreased
o 750 ◦C in hydrogen. At 750 ◦C, time-study experiments, polariza-
ion curves and ac-impedance spectra were recorded in H2 and CH4
y using a Metrohm Autolab 30 potentiostat-galvanostat equipped
ith a FRA (frequency response analyser).

Ex-situ experiments were carried out to evaluate carbon depo-
ition on the anode cermets during exposure to dry CH4 and in
he absence of ionic oxygen. 50 mg of a composite Ba-doped and
ndoped NiCu–CGO anode, previously treated at 1000 ◦C for 2 h

n air and, subsequently, reduced at 800 ◦C in H2 for 2 h, as in the
ell manufacturing/conditioning procedure, were exposed to a dry
ethane stream at 750 ◦C for 100 h.
Structural analysis was done by XRD, using Bragg-Brentano

powder) or grazing angle (anode layer) configurations with a Cu K�
ource operating at 40 kV and 30 mA (Philips Xpert diffractometer,
etherlands). Surface analysis was carried out by X-ray photoelec-

ron spectroscopy (XPS) using a Physical Electronics (PHI) 5800-01
pectrometer. A monochromatic Al k� X-ray source was used at
50 W. The pressure in the analysis chamber of the spectrome-
er was 1 × 10−9 Torr during the measurements. To compensate for
urface-charging effects, calibration of the binding energy (B.E.)
cale was made with reference to the B.E. at 284.6 eV of the adven-
itious carbon. X-ray fluorescence analysis was done by a Bruker
XS S4 Explorer spectrometer operating at a power of 1 kW and
quipped with a Rh X-ray source, a LiF 220 crystal analyzer, and a
.128 divergence collimator.

. Results

.1. Physico–chemical analyses

The Ba-doped Ni0.53Cu0.47Ox/CGO cermet was studied using XRF
nd XPS (Fig. 1) in order to confirm the presence of barium. Table 1

hows the weight percentages of the elements contained in the
node as derived from XRF. The amount of barium was roughly 1%
n the bulk. Fig. 1a shows the survey XPS spectrum of the Ba-doped
i0.53Cu0.47Ox/CGO cermet. The peaks at 780 and 795 eV indicate
large amount of barium on the surface. Fig. 1b shows the Ba3d
Fig. 1. (a) Survey XPS spectrum of Ba-doped Ni0.53Cu0.47Ox/CGO fresh; (b) Ba3d
region in detail.

region in detail. Analysis of the chemical state of Ba indicates the
presence of BaO. It should be pointed out that the depth of XPS
analysis is typically from 3 to 5 nm. Thus, the top layers of this
composite anode contain an excess of Ba-oxide. The XRD analy-
sis of the Ba-doped cermet did not reveal the presence of a specific
crystallographic Ba-phase (Fig. 2).

3.2. Electrochemical characterization
Samples Ni (wt
%)

Cu
(wt%)

Ba (wt%) Ce
(wt%)

Gd
(wt%)

Ba-doped
Ni0.53Cu0.47Ox/CGO

27.4 25.9 1.15 39.4 5.46

Ni0.53Cu0.47Ox/CGO 28.1 27.0 38.7 6.1
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Fig. 2. Comparison of the XRD patterns of a Ba-doped Ni0.53Cu0.47Ox/CGO and
undoped Ni0.53Cu0.47Ox/CGO anodes before operation in dry methane.
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Fig. 5. AC impedance spectra for a Ba-doped Ni0.53Cu0.47/CGO based cell fed with
methane at 750◦ and obtained at different time.
ig. 3. Polarization and power density curves for a Ba-doped Ni0.53Cu0.47/CGO based
ell fed with hydrogen at 750 ◦C.

urve of the Ba-doped Ni0.53Cu0.47 alloy/CGO cermet based-cell
btained in H2 at 750 ◦C. The maximum power density recorded
as 450 mW cm−2 at 0.412 V. The low open circuit voltage was
ue to mixed electronic-ionic conductivity of the CGO at this tem-
erature under reducing conditions. In Fig. 4, the comparison of
olarization curves and power densities is shown; these curves
ere obtained in dry CH4 at 750 ◦C and recorded during a time-

tudy. From the maximum power density, it is possible to observe
hat cell performance improves slightly from the second to the fifth
ay, reaching a value of 284 mW cm−2 at 0.7 A cm−2. The improve-

ent in electrochemical performance over time was also observed

n the impedance spectroscopy (Fig. 5). The series resistance (Rs)
f 0.25 � cm2, registered on the second day, was close to that
bserved on the fifth day. This indicates that enhanced performance
etween the second and fifth day was not related to a decrease in

ig. 4. Comparison of the polarization and power density curves for a Ba-doped
i0.53Cu0.47/CGO based cell fed with methane at 750 ◦C and obtained at different

ime.
Fig. 6. Comparison of the polarization and power density curves for a Ba-doped
Ni0.53Cu0.47/CGO and a Ni0.53Cu0.47O/CGO based cells fed with methane at 750 ◦C.

the ohmic drop. The series resistance was due mainly to the elec-
trolyte’s thickness. Polarization resistance (Rp), instead, decreased
from 0.35 to 0.27 � cm2. This indicates that the electrocatalytic pro-
cess improved slightly with the operation time. The electrochemical
behaviour of the undoped NiCu/CGO anode as a function of time
has been reported in a previous paper [5]. The increase in perfor-
mance over time was more significant for the undoped anode. In
the undoped anode layer, AC-impedance spectra indicated a signif-
icant decrease of series resistance over time due, possibly, to the
formation of carbon fibers [5].

A comparison of polarization curves of two SOFC cells contain-
ing Ba-doped and undoped anodes at 750 ◦C, after 200 h tests, is
reported in Fig. 6. The time-study profiles for the two anode for-
mulations are compared in Fig. 7 at 750 ◦C under potentiostatic

cell operation at 0.6 V. The best performance in methane was
achieved by the undoped anode at 200 h. The maximum power den-
sity obtained for the Ni0.53Cu0.47/CGO based cell (310 mW cm−2)
was higher than that recorded for the Ba-doped Ni0.53Cu0.47/CGO

Fig. 7. Comparison of the chronoamperometric curves for a Ba-doped
Ni0.53Cu0.47/CGO and a Ni0.53Cu0.47O/CGO based cells fed with dry methane at
750 ◦C.
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ig. 8. Comparison of the XRD patterns of a Ba-doped Ni0.53Cu0.47/CGO and a
i0.53Cu0.47O/CGO anodes after operation in dry methane.

284 mW cm−2). The polarization curve for both cells showed mod-
rate potential losses as a function of time after 200 h. In the
a-doped system, this potential decay was attributed, from ac-

mpedance, to an increase of series resistance (see Fig. 5, day V and
II) whereas the charge transfer resistance was essentially unaf-

ected. Similar evidence was reported on the undoped anode [5].

.3. Phase and chemical characterization of the anodic cermets
fter operation

Fig. 8 shows a comparison between XRD patterns of the anode
aterials after operation in dry methane for about 230 h. These

atterns were obtained in the grazing angle mode (0.5◦ incidence
ngle, 1◦ mask) to enhance structural information from the anode
ayers and to reveal any trace of carbon deposition more precisely.
he X-ray patterns in Fig. 8 show the presence of large intensities
f CGO reflections, indicating a significant contribution from the
lectrolyte underlayer to the total X-ray scattering. From the XRD
nalysis, it can be observed that the Ba-doped Ni0.53Cu0.47/CGO
node does not show any significant carbon peak, which usually
ppears at 26.7◦ 2�. No carbon deposition was detected by opti-
al microscope observation of this catalyst layer. The XRD pattern
f the undoped Ni0.53Cu0.47/CGO anode, instead, shows the typical
eak of graphitic carbon. A splitting of the (1 1 1) reflection of the
olid solution of Ni and Cu into two peaks related to Ni-rich (1 1 1)
nd Cu-rich (1 1 1) phases is observed in the undoped sample. This
as also observed, though less evidently, in the reflection at 44.5◦.

.4. Ex-situ tests in dry methane

For a more in-depth investigation of carbon formation, 50 mg
f Ba-doped and undoped anodic cermets were thermally treated
n air at 1000 ◦C and reduced in H2 at 800 ◦C, as in the cell fab-
ication/conditioning procedure; subsequently, they were ex-situ
xposed to dry methane at 750 ◦C for 100 h without ionic oxygen. A
omparable increase in weight was observed in both cases: 82.3 mg
or the undoped catalyst and 88.5 mg for the Ba-doped catalyst. The
ormation of carbon fibers was also evident in both cases.

. Discussion

As reported in the literature [23–25], the reduction of carbon

eposition in heterogeneous catalysis studies of the reforming pro-
esses at Ni catalyst using K2O, MgO, Na2O, CaO promoters or
upports can be attributed to their basicity. These oxides suppress
arbon deposition during the CO2 reforming of CH4. The reaction
inetics observed suggest that the surface of the Ni catalyst doped
Sources 193 (2009) 160–164 163

with basic metal oxides is abundant in adsorbed CO2, while the
surface without them is abundant in adsorbed CH4 [23–25]. The
presence of adsorbed CO2 on the Ni metal surface is considered
an unfavorable condition for CH4 decomposition and, as a result,
carbon deposition is strongly mitigated [23].

Since carbon formation was detected in the ex-situ experiment
on Ba-modified composite powder whereas it was not observed
after fuel cell experiments on the same anode layer, it appears that
the presence of ionic oxygen and, possibly, the use of a thin anode
layer play important roles in counteracting carbon deposition in
fuel cell tests. As reported in the literature [1,8], a high O2− flux
from the electrolyte can remove carbon from the electrode surface
as it forms. However, removal of the carbon formation by O2− ions
is more efficient in the region near the three-phase boundary that
extends no more than 10–15 �m from the electrolyte surface [26].

The carbon mechanism formation at Ni-based catalysts involves
the deposition of carbon species onto the metal surface, dissolution
of carbon in the bulk and, subsequently, growth of carbon fibers at
the metal particles [1]. The retardation of carbon deposition in the
presence of alkaline earth oxide additives is ascribed to the greater
availability of (O–*) species at the metal surface due to spillover
from the support [18]. The effect of alkali on carbon deposition has
also been explained in terms of the stabilization of CHx–* relative to
C–* surface intermediates [27]. This retardation of carbon formation
was not observed in the absence of steam [28,29]. There are several
analogies between the literature on the heterogeneous catalysis at
Ni supported on basic oxides and our study. In the present case,
carbon deposition occurs in the ex-situ studies whereas in the fuel
cell experiment, in the presence of ionic oxygen from the ceria-
based electrolyte, this process is mitigated when the alkaline earth
oxide is added.

XPS analysis shows that Ba is largely present on the surface
of this composite layer whereas XRF revealed that Ba content in
the bulk of the electrocatalyst was small. The surface chemistry
in this composite anode may be similar to that of reforming cat-
alysts based on Ni highly dispersed on MgO–CaO supports. Due
to the fact that electrochemical reactions occur on the surface of
electrocatalysts, surface characteristics play an important role. In
steam and dry reforming processes [18,30–31], the basicity of the
supporting oxide is essential for avoiding the formation of carbon
deposits whereas as is well known, large carbon deposit formations
occur with Ni supported on acidic oxides such as SiO2 and Al2O3
[18]. However, as in the reforming catalysts, the presence of oxy-
gen species is necessary in order to avoid the occurrence of carbon
formation. By using such an approach, the surface chemistry of a
supported catalyst may be reproduced in fuel cell anodes while the
bulk characteristics remain, essentially, those of Ni cermets.

In addition, due to different surface characteristics of the electro-
catalyst formulations, the gold paste current collector may interact
in a different way with the two catalytic layers. A small infiltration
of Au into the anode is not discarded. Although our experiments
with only a Au-paste anode led to performances one order of mag-
nitude lower than in the present case, an effect on the prevention
of carbon deposition may not be excluded [11].

5. Conclusions

The direct utilization of dry methane in solid oxide fuel
cells equipped with anodes consisting of a Ni0.53Cu0.47 alloy and
gadolinia doped ceria cermets, with or without barium dop-
ing, were investigated. Similar maximum power densities of

284 mW cm−2 and 310 mW cm−2 were obtained at 750 ◦C for the
Ba-doped Ni0.53Cu0.47/CGO and Ni0.53Cu0.47/CGO anodic cermets,
respectively. As evidenced by XRD, the anode without barium
showed the presence of carbon deposits whereas the anode con-
taining barium did not show significant carbon deposits after a
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00 h time-study in dry methane. Ex-situ experiments have shown
hat carbon formation occurs for both formulations during expo-
ure to dry methane. This indicates that the effect of active oxygen
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