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The demand for electric vehicles has inspired extensive efforts to develop solid oxide fuel cells
(SOFCs) for transportation. However, the high cost of hydrogen fueled SOFC systems and the
deactivation of Ni-YSZ anodes in hydrocarbon fuels hinder the progress of SOFCs’ development
and commercialization. Here, we report a unique multi-functional anode for SOFCs that allows
direct utilization of transportation fuels (iso-octane) without co-feeding O2 and CO2,
demonstrating a peak power density of 0.6 W/cm2 at 750 1C. The multi-functional anode is
derived from a conventional NiO-YSZ anode with BaCO3 modiﬁcation in the anode support,
creating a catalytically active conformal coating of BaZr1xYxO3d (BZY) on YSZ and nano-islands
of BaO on Ni surface, which greatly promote reforming of octane and oxidation of the reformed
fuels. Further, the simple and cost-effective modiﬁcation process can be readily adopted in the
fabrication of the state-of-the-art NiO-YSZ supported cells.
& 2012 Elsevier Ltd. All rights reserved.
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The desire for a clean and secure energy future has stimulated
great interest in electric vehicles because the vehicles powered
by conventional internal combustion engines have unacceptably
low energy efﬁciency (only 20%) in addition to emission of
greenhouse gas and air pollutants. However, the transition to
electric vehicles hinges on the development of a new generation
of electrical energy storage and conversion systems such as
batteries and fuel cells. While H2-powered proton exchange
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membrane (PEM) fuel cells [1] can efﬁciently convert H2 to
electricity with no emissions, the high cost to transport and
store H2 as well as its low volumetric energy density tarnishes
the prospect for H2-powered vehicles. Gasoline and diesel, in
fact, have much higher volumetric and gravimetric energy
density, are easy to handle, and allow for trouble-free refueling
with the existing distribution system. Hence, gasoline or dieselpowered high-efﬁciency fuel cells would be ideally suited for
electric vehicles.
Solid oxide fuel cells (SOFCs) based on an oxygen ion
conductor such as yttria-stabilized zirconia (YSZ) hold great
promise for direct utilization of the transportation fuels if the
anodes have sufﬁcient tolerance to coking and poisoning of the
contaminants commonly encountered in these fuels [2–7].
Unfortunately, the conventional Ni-YSZ cermet anode in a
state-of-the-art SOFC is prone to carbon deposition and
deactivation in hydrocarbon fuels. Accordingly, alternative
anode materials such as Cu-based cermet [8–10], La0.75Sr0.25
Cr0.5Mn0.5O3d [11], Sr2Mg1xMnxMoO6d ð0rxr1Þ [12], doped
(La,Sr)(Ti)O3 [13,14], La0.4Sr0.6Ti1xMnxO3d [15], and Ni–
BaZr0.1Ce0.7Y0.2xYbxO3d (Ni-BZCYYb) [3] have been developed
for direct utilization of carbon-containing fuels. While these
alternative anode materials have demonstrated some improved
coking tolerance in light hydrocarbon fuels, they are still
inefﬁcient with liquid hydrocarbon fuels such as gasoline or
diesel. Also, their practical application is stalled by other
problems such as low electronic conductivity, poor electrochemical activity, and limited physical, chemical, and thermal
compatibility with YSZ electrolyte at high temperatures during
fabrication.
To retain the high-performance of Ni-based anodes while
overcoming the susceptibility to coking, a thin catalytic coating
(such as SDC [16–18], SrZr0.95Y0.05O3d [19,20], Sn [21] or BaO
[22]) has been introduced to modify the Ni surface or a porous
catalyst layer (e.g., Ru–CeO2 [23–26]) has been applied to the
top of Ni-based anode to promote reforming of hydrocarbon
fuels before they reach the Ni surface. Such catalytic coatings
do not drastically alter the performance characteristics of the
Ni-based anode, but greatly enhance its coking tolerance, even
when iso-octane (a common surrogate for gasoline) is used as
fuel [17,21,23–26]. It should be noted, however, that a large
amount of CO2 and/or O2 must be co-fed with iso-octane to
prevent coking. Past gas compositions for this purpose have
included 5% iso-octane–9% air–86% CO2 by Zhan et al. [23],
humidiﬁed 3.9% iso-octane–96.1% air by Ding et al. [17], 6% isooctane–94% air by Zhan et al. [25], and 5% iso-octane–9% air–3%
H2O–83% CO2 by Sun et al. [24]. The excess amount of CO2 and
O2 co-fed with fuel not only reduces the efﬁciency and increases
the complexity of the system but also raise serious safety
concerns. For example, the ﬂammability range for iso-octane–
air mixtures is 1.1–6% [17,23–25]. In particular, partial oxidation
of iso-octane by O2 is an exothermic reaction; the fast heating
effect caused by the rapid oxidation reaction may become
difﬁcult to control. Further, the high cost of Ru may limit its
practical application [23]. Thus, the development of a safe and
cost-effective SOFC that can directly utilize automotive fuels
such as gasoline would greatly accelerate the development of
commercially viable electric vehicles.
Here we report a unique SOFC design based on a multifunctional anode, capable of directly utilizing transportation
fuels without the addition of O2 and/or CO2. As schematically
shown in Fig. 1(a), the anode consists of two layers: an outer
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catalyst layer for reforming of hydrocarbon fuels and an inner
active anode layer in direct contact with the electrolyte for
electrochemical oxidation of the reformed fuels. The outer
catalyst layer, composed of Ni, YSZ, and BaZr1xYxO3d (BZY)
(Supplementary Fig. S1), was very effective for reforming of
iso-octane without introducing any O2 (air) and/or CO2, which
were required in previous studies [17,23–25] to avoid coking
and anode deactivation.

Experimental
Fabrication of fuel cells
Button cells with a conﬁguration Ni-YSZ-BaZr1xYxO3d
(and Ni-YSZ)9Ni-YSZ9YSZ9SDC9LSCF were fabricated in steps
described as follows. First, an anode support with mixed NiO
(Alfa), yttria-stabilized zirconia (8YSZ, Daiichi Kigenso, Japan)
and BaCO3 (Alfa) (weight ratio of 55:45:5) was fabricated by
tape casting (800 mm thick and pouched to ½ in. in
diameter), followed by pre-ﬁring at 850 1C for 2 h. Second,
an active layer of NiO-YSZ (15 mm) and a YSZ electrolyte
(15 mm) were sequentially deposited on the anode support by
a particle suspension coating process followed by co-ﬁring at
1400 1C for 5 h [27]. Third, a Sm0.2Ce0.8O2d (SDC, synthesized
by carbonate co-precipitation method [28]) buffer layer was
deposited on YSZ surface and then LSCF (fuel cell materials)
green tape fabricated by tape-casting process [29] was bonded
onto the top of SDC buffer layer and co-ﬁred with SDC at
1080 1C for 2 to form a porous cathode (50 mm thick). The
cathode area was 0.3 cm2.

Electrochemical measurement
The cells were mounted onto an alumina tube using ceramic
adhesive (Aremco, Ceramabond 552). NiO paste and silver
paste (Heraeus) were applied as current collector for anode
and cathode, respectively, and Ag wire as the lead for both
electrodes. In order to avoid possible catalytic contribution of
the paste, care was taken to ensure that no paste was on the
active area of the anode. Humidiﬁed (3% H2O) hydrogen was
ﬁrstly fed into anode compartment to reduce the NiO in-situ,
and ambient air was used as an oxidant. To evaluate the
performance based on iso-octane, pure Argon at a ﬂow rate of
15 ml/min was ﬂowed through a bubbler containing pure isooctane (Alfa) to entrain iso-octane at 25 1C (yielding 6.5% isooctane). Before entering the anode apartment, the mixture
was humidiﬁed using water bubbler at 25 1C (3 vol% H2O). The
mixture corresponds to an H2O to C8H18 ratio of 0.5, much
lower than the ideal ratio for steam reforming of 8. The
electrochemical testing of the cells was performed using an
Arbin fuel cell testing system (MSTAT).

Other characterizations
The electrical conductivity of the anode (Ni-YSZ and Ni-YSZBZY) was measured using a four-electrode conﬁguration at
500–800 1C under reducing conditions. The composition, microstructure, and morphology of the composite anode were
analyzed using XRD (X’Pert PRO Alpha-1 x-ray diffractometer),
SEM (LEO1530), high-resolution electron microscopy and
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Figure 1 Architecture of a Ni-YSZ-BZY supported cell and microanalyses of the new anode. (a) Schematic of a unique SOFC design
based on a multi-functional anode; (b) a typical cross sectional view of a Ni-YSZ-BZY supported porous Ni-YSZ active anode layer and
a dense YSZ electrolyte (co-ﬁred at 1400 1C C for 5 h; reduced in H2 at 750 1C for 2 h); (c) a higher magniﬁcation of a small area in the
Ni-YSZ-BZY layer (mechanical support and catalyst layer for reforming) shown in (b); (d) a cross-sectional view (TEM image) of a
BaZr1xYxO3d (BZY)-coated YSZ grain shown in (c); (e) HRTEM image of the interface between the BZY coating and the underlying
YSZ. (f, g) Fourier-ﬁltered images of the ½213 and ½334 zone axis images of BZY and YSZ near the interface, respectively.

spectroscopy (at Oak Ridge National Laboratory) and Raman
spectroscopy (Renishaw 1000 with a 514 nm excitation wavelength). Mass spectrometry (Hiden HPR-20) was used to analyze
the composition of the gas phase.

Computational methods
Density functional theory (DFT) calculations were carried
out using the Vienna ab initio simulation package (VASP)

[30,31] with the PW91 functional [32] and the projector
augment wave (PAW) [33] method. We applied Monkhorst
and Pack [34] mesh k-points of (3  3  3) and (4  4  1) for
bulk and surface calculations, respectively, with the cut-off
energy of 400 eV. Our predicted lattice constant of the cubic
BaZrO3 (BZ) structure (Pm3m; 4.22 Å) is in agreement with
experimental (4.19 Å) [35] and calculated (4.26 Å) [36]
values. Based on the optimized BZ structure, we constructed
a BZY (Ba16(Zr12Y4)O46) model to examine the interaction
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between water and BaZr1xYxO3d (BZY). For more detailed
information, please refer to the supplementary content.
The adsorption energies (Eads) of water were calculated as
follows:
E ads ¼ E½H2 OBZY2E½BZY2E½H2 O
where E[H2O-surface], E[BZY], and E[H2O] are the predicted
electronic energies for adsorbed H2O on the BZY surface, the
bare BZY surface, and gas-phase H2O.

Results and discussion
The microstructure of this cell (Fig. 1b and c) appears
similar to that of a state-of-the-art Ni-YSZ supported cell, as
shown in Supplementary Fig. S2(a and b). The fabrication
processes for the two types of cells are very similar as well;
the only difference is that a small amount (5 wt%) of BaCO3
was added to the mixture of NiO and YSZ during the
preparation of the catalyst layer, which is also used as the
mechanical support for other cell components in the new
cell design. Upon co-ﬁring at 1400 oC for 5 h, the surface of
the NiO-YSZ in the catalyst layer was modiﬁed by the BaCO3
but not in the active layer (Supplementary Fig. S2c). SEM
analyses of local microstructures and morphologies in the
catalyst layer suggest that BaO nano particles were
distributed on the Ni grains (Fig. 1c), as conﬁrmed by EDS
analysis (Supplementary Fig. S2d), while YSZ grains appear
to be clean and smooth. A cross-sectional view of an YSZ
grain (Fig. 1d) reveals a conformal surface coating (13–
20 nm thick) was formed on the YSZ grain surface. The
composition of the surface coating is BaZr1xYxO3d (BZY,
with xE0.2), as determined from X-ray photoelectron
spectroscopy (Supplementary Fig. S3). This is also consistent
with the XRD spectrum for the anode (Supplementary Fig. S1).
An HRTEM image of the BZY/YSZ interface (Fig. 1e) suggests
that YSZ in the ﬁeld of view is a single crystal and some
structural coherence exists between the two phases. The
structural coherence is manifested as the alignment of the
ð2 21Þ lattice fringes of BaZr1xYxO3d with those of (220) of
YSZ, as shown in the both the HRTEM image (Fig. 1e) and the
Fourier-ﬁltered image (Fig. 1f) of the interface between the
BaZr1xYxO3d and the underlying YSZ. The zone-axis and
lattice fringes along the zone-axis of each phase along the
interface are labeled in the Fourier-ﬁltered image as well
(Fig. 1f). It should be noted that the BaO nanoparticles on the
Ni surface was resulted from reduction of BaNiOx upon
exposure to a fuel, which was formed from reaction between
NiO and BaCO3 or BaO vapor decomposed from BaCO3 during
ﬁring [22].
These analyses have shown that the surface modiﬁcation
of Ni-YSZ by BaCO3 has produced a layer of discrete nano
particles of BaO on the Ni surface and a conformal BZY
coating on the YSZ surface. BZY is a good ionic conductor
and can readily uptake water at elevated temperatures
[37], similar to the BaO/Ni interfaces [22]. The water
absorbed on the Ni-YSZ-BZY surface plays a vital role not
only in promoting the octane reforming in the catalyst layer
but also in facilitating water-mediated carbon removal [22]
within the active anode layer of the fuel cell, thus achieving
remarkable tolerance to coking and deactivation in heavy
hydrocarbon fuels. In addition, alkali/alkaline-oxides, such
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as K2O, CaO, SrO and BaO, have been known to be efﬁcient
additives in suppressing carbon deposition on conventional
oxide-supported Ni catalysts for steam/CO2 reforming
processes [22,38–41]. The strong basicity of these oxides
changes the metallic Ni surface to a slightly cationic state,
reducing the ability of Ni to catalyze carbon formation from
dehydration of hydrocarbon fuels. Further, these basic metal
oxides themselves tend to adsorb the CO2 produced by
oxidation or reforming of carbon species, which further
reduce the tendency for carbon deposition. As a result, the
speciﬁc structure of BZY coated YSZ, together with discrete
BaO nanoparticles on Ni surface, signiﬁcantly enhance the
tolerance to carbon deposition.
It should also be noted that some of these alkali/alkalineoxides were introduced to Ni-YSZ anodes for SOFCs in an effort
to enhance carbon tolerance [38,40,41]. For example, Jin
et al. [19,20] inﬁltrated SrZr0.95Y0.05O3d(SZY) into Ni-YSZ
anode to enhance the coking tolerance. However, their cell
structure and performance are not comparable to ours and
there are some limitations for practical application of their
approach. While the alkaline oxide-modiﬁed Ni-YSZ anodes
showed some improvement in coking tolerance in light
hydrocarbon fuels such as methane, the power outputs of
the fuel cells were much lower because of the poor electrical
conductivity and the lack of microstructure optimizations.
While the effect of the surface modiﬁcation by BaCO3
on performance is dramatic, our fabrication procedure is
simple and can be easily incorporated into an industrial
process for fabrication of the state-of-the-art Ni-YSZ supported
cells; the addition of small amount of BaCO3 does not change
the sintering behavior of the Ni-YSZ active anode layer or its
compatibility with YSZ. While the conductivity of the Ni-YSZBZY composite is slightly lower than that of Ni-YSZ
(Supplementary Fig. S4), the anode has relatively small sheet
resistance because the anode layer is thick (800 mm),
functioning as an efﬁcient current collector.
When humidiﬁed hydrogen was used as fuel, the new
Ni-YSZ-BZY supported cell showed similar performance to
that of a conventional Ni-YSZ supported cell, as shown in
Fig. 2(a), achieving peak power densities of 1.09 and
1.16 W/cm2 at 750 1C, respectively. However, the new cell
conﬁguration displayed much higher tolerance to coking in
an octane fuel. Shown in Fig. 2(b) are the performances of a
Ni-YSZ-BZY supported cell with wet (3 v% H2O) iso-octane
(6.5% in Ar) as fuel, demonstrating peak power densities of
0.6 and 0.1 W/cm2 at 750 and 600 1C, respectively, comparable to those reported by Zhan et al. (0.6 W/cm2 at 770 1C
and 0.1 W/cm2 at 570 1C) using 5% iso-octane–9% air–86% CO2
as fuel [23]. It is important to note that in the previous study
[23], excess amounts of O2 (or 9% air) and CO2 (86%) were
added to the octane fuel for partial oxidation and reforming
in order to avoid coking and deactivation of the anode. In
particular, the extra amount of O2 in the mixture was vital to
suppress carbon buildup on a conventional Ni-based anode.
In our new cell design, by contrast, humidiﬁed (3% H2O) isooctane (6.5% in Ar), corresponding to a steam to carbon
(S/C) ratio of 1/17 (much lower than the ideal reforming
ratio of 1/1), was used as the fuel without addition of any O2
and/or CO2, dramatically reducing the system complexity,
safety, and cost for fuel management. Stable cell operation
was demonstrated with the wet iso-octane (6.5% in Ar) fuel
for over 100 h without observable carbon deposition or
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Figure 3 Fuel cell performance in different fuels. Current
density as a function of time for the Ni-YSZ and Ni-YSZ-BZY
supported cells operated at 750 1C at a constant cell voltage of
0.7 V as the fuel was switched from humidiﬁed H2 to dry or wet
iso-Octane (6.5% in Ar) (wet gas contained 3 v% water vapor as
humidiﬁed at 25 1C).

Figure 2 Performance of SOFCs in wet iso-octane. (a) Typical
performance of a conventional Ni-YSZ supported cell and a
Ni-YSZ-BZY supported cell when ambient air was used as oxidant
and hydrogen as fuel. (b) Typical current–voltage characteristics
and the corresponding power densities measured at 600–750 1C
for cells supported by Ni-YSZ-BZY when ambient air was used as
oxidant and wet so-octane (6.5% in Ar with 3 v% water vapor) as
fuel. The performance was recorded after the cell reached a
steady state operation (20 h at 750 1C).

anode deactivation (Supplementary Fig. S5a). The observed
direct utilization of a transportation fuel in an SOFC without
the addition of excess O2 and/or CO2 is primarily attributed
to the unique multifunctional anode structure: (i) the outer
catalyst layer with BZY surface and BaO-modiﬁed Ni for
reforming heavy hydrocarbons and water-mediated carbon
removal and (ii) the inner active anode layer for electrochemical oxidation of the reformed fuels.
The stabilities of the two cells (supported by Ni-YSZ and
Ni-YSZ-BZY) were examined under different conditions.
Presented in Fig. 3 are the current densities drawn from
each cell at a constant voltage of 0.7 V at 750 1C with the
fuel switched from humidiﬁed H2 to dry or wet iso-octane
(6.5% in Ar). A stable power output was observed for the cell
supported by Ni-YSZ-BZY with wet iso-octane (6.5% in Ar) as
the fuel, achieving a relatively stable current density of
0.56 A/cm2 at 750 1C. In contrast, the current output of
the conventional Ni-YSZ supported cell dropped to zero
quickly due to severe carbon buildup on the Ni-YSZ anode,

which was visible under an optical microscope after the cell
testing (Supplementary Fig. S5b). We also used Raman
spectroscopy to probe an area on the Ni-YSZ anode that
appeared to be relatively clean (Supplementary Fig. S5c)
under the optical microscope and we found two peaks near
1350 and 1600 cm1, indicating the presence of carbon on
the anode surface (Supplementary Fig. S6). In stark
contrast, the Raman spectra collected from the anode
surface of the Ni-YSZ-BZY-supported cell suggested that
the anode surface was very clean and free of carbon
(Supplementary Fig. S6). Careful examination of the anode
microstructure of the Ni-YSZ-BZY supported cell before and
after operation showed no observable carbon buildup or
other changes in microstructure (Supplementary Fig. S7a
and b), in contrast to the dramatic changes in anode
morphology and microstructure of the conventional Ni-YSZ
supported cell after operation under similar conditions.
It should be pointed out that sufﬁcient amount of water
co-fed with octane is needed to prevent coking. For
example, the cell current degraded to zero (Fig. 3) after
40 h of operation at a constant voltage of 0.7 V when dry isooctane (6.5% in Ar) was fed at a rate of 15 ml/min. At a
constant current density of 0.5 A/cm2, the corresponding
O2 ﬂux going through the electrolyte to the anode was
7.8  107 mol/s (0.52 ml/min of O2), resulting in a
nominal oxygen to carbon (O/C) ratio of 1/7.5 (O from O2
ﬂux and C from the iso-octane in the fuel stream). While
high O2 ﬂux may prevent carbon formation near the triple
phase boundary (TPB) area [42], it is ineffective to prevent
carbon formation in the area far away from the TPB. When
dry iso-octane is used as the fuel, the steam and/or CO2
formed by fuel oxidation will be adsorbed on the anode
surface, resulting in somewhat improved coking tolerance
compared to the conventional Ni-YSZ anode. However, the
initial exposure to dry iso-octane has high probability of
promoting carbon deposition. It appears that a minimum
O/C or S/C ratio may be necessary to suppress carbon
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deposition from thermal cracking of iso-octane. As pointed
out by Zhan et al. [23], a small amount of air in the isooctane was required to fully stabilize the performance even
though a large amount of excess CO2 (6% iso-octane–94%
CO2) was used.
The dramatically enhanced catalytic activity of the NiYSZ-BZY compared to Ni-YSZ might result from the speciﬁc
feature of the microstructure: discrete nano particles of
BaO on the Ni surface and a conformal BZY coating on the
YSZ surface. The two features can readily uptake water at
elevated temperatures [22,37]. When a small amount of
water was co-fed with iso-octane in the fuel stream, the
water vapor was more easily be adsorbed and/or absorbed
on BZY and BaO/Ni to facilitate reformation of iso-octane or
decomposed species such as ethane and methane. Because
of the strong adsorption of water on surfaces, the O/C or
S/C ratio near the surface may have been sufﬁciently higher
than that in the gas phase to avoid coking.
To gain some insight into water intake on BZY at microscopic
level, we performed DFT calculations using the Vienna ab initio
simulation package (VASP) [30,31] and constructed a defective
Ba16(Zr12Y4)O46 (BZY) with two oxygen vacancies, derived from
a defective Ba8(Zr6Y2)O23 model (Supplementary Fig. S8). As
described in more detail in the Supplementary Information, the
(001) surface was used to calculate water adsorption energy.
Due to the presence of an oxygen vacancy, four types of
terminated layers (i.e., BaO-I, BaO-II, ZrYO-I, and ZrYO-II)
have been considered. Our surface stability calculations
(Supplementary Fig. S9) show that the BaO-I- and ZrYO-Iterminations are more stable than the others with surface
energies of 0.42 and 0.41 J/m2, respectively. Depending on
adsorption sites (i.e., metal, oxygen, or oxygen vacancies),
water can be adsorbed via either molecular or dissociative
adsorption [43] on the BZY surfaces with both BaO-I- and ZrYOI-terminations. Shown in Fig. 4 is the geometrical illustration of
dissociative adsorption of water on the BZY surfaces. Similar to
water dissociation on BaO(001) and BaZrO3(001) (Eads =1.35
eV and 1.25 eV, respectively) [22], one of O–H bonds of water
can be broken without a barrier on the BZY surfaces
(Eads =1.82 eV and 1.61 eV on BaO- and ZrYO-terminated
surfaces, respectively), which is a highly activated process on
Ni. Our calculations are in accordance with the experimental
ﬁnding that BZY can readily uptake water. We used thermogravimetric analysis (TGA) and Raman spectroscopy to validate
this theoretical calculation. Both TGA (Supplementary Fig. S10)
and Raman results (Supplementary Fig. S11) demonstrated that
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BZY has strong water uptake ability even at high temperatures
when it was exposed to water contained atmosphere. In
addition, Bader charge calculations [44] show that electron
transfer occurs from the surface to adsorbed water (0.80e
versus 0.84e, respectively), resulting in barrierless H–OH bond
breaking (1.66 Å versus 2.03 Å, respectively). Our DFT calculations suggest that similar to BaO, BZY formed on the YSZ
electrolyte surface engenders the synergetic effect with Ni by
releasing the bottleneck OH production on the Ni anode [22],
and therefore promoting the iso-octane reforming and the
removal of carbon species on Ni (OHnBZY-OHnNi, OHnNi +CnNiCOHnNi-COnNi +HnNi, where ‘‘n’’ denotes surface empty sites).
Finally, mass spectrometry was used to analyze the
composition of the efﬂuent gas from the cell operated at a
constant voltage of 0.7 V as the operating temperature was
varied from 600 to 750 1C, which helps us to better
understand the reactions taking place in the anode. At
750 1C, iso-octane was almost completely converted to
C2H4, H2, CH4, H2O, CO, and CO2 (Supplementary Figs. S12
and S13) through cracking, reformation, and electrochemical oxidation. Thermodynamic and experimental analyses by
Murray et al. indicated that iso-octane was primarily
converted to ethylene and methane at 775 1C, while part
of the ethylene and methane was consumed under SOFC
operating condition at constant cell voltage of 0.5 V [45].
Shown in Fig. 5 are the concentration proﬁles of the efﬂuent
gas from a Ni-YSZ-BZY supported cell as a function of
operating temperature. The concentration of CO2 remained
relatively low and constant in the temperature range
studied, indicating that the rate of electrochemical oxidation and/or reforming of carbon species to CO2 were
relatively low. The concentration of H2O increased signiﬁcantly with temperature due to the corresponding increase
in current density (oxygen ﬂux) or electrochemical oxidation
of H2 and C2H4 with temperature. Thus, the concentrations
of H2 and C2H4 decreased with temperature accordingly. It is
noted that the cell operated under low fuel utilization is
more susceptible to coking because the tendency for coking
decreases with fuel utilization when more oxidation
products (CO2 and H2O) are produced in the anodic
compartment. The stable operation observed in the temperature range of 600–750 1C (Fig. 3 and Supplementary
Fig. S14, Ufo5% and Supplementary Fig. S15, Ufo1%)
indicated that the anode catalyst layer of Ni-YSZ-BZY
displays sufﬁcient tolerance to coking. Further, it is noted
that this multi-functional anode also demonstrated high

Figure 4 Dissociative adsorption of water on the BaO- and ZrYO-terminated surfaces of Ba16(Zr8Y4)O46 (BZY)—a vital step for watermediated carbon removal. For simplicity, only two top layers were shown. Large balls in green, gray blue, purple, red are Ba, Zr, Y,
and O ions of BZY, while small balls in white and red are H and O atoms of H2O. Dashed lines represent the broken O–H bond. Drdiff
isosurfaces were calculated at 0.05 e/Å3.
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Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.nanoen.2012.02.006.
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Figure 5 Effect of temperature on internal reforming of isooctane. Concentration proﬁle (as determined by a mass
spectrometer, Ar was removed from the calculation) of the
efﬂuent gas from the Ni-YSZ-BZY supported cell as a function of
operating temperature. The cell was operated at a constant
voltage of 0.7 V when wet iso-octane (6.5% in Ar) at a ﬂow rate
of 15 mL/min was used as the fuel and ambient air as the
oxidant.

tolerance to sulfur poisoning under typical fuel cell
operating conditions; more results on sulfur poisoning
behavior of the Ni-YSZ-BZY layer will be reported in
subsequent communications.

Conclusions
A multi-functional composite anode, derived from a conventional NiO-YSZ anode with BaCO3 modiﬁcation in the anode
support, showed potential for direct utilization of transportation fuels such as iso-octane without the addition of excess
amount of CO2 and/or O2, demonstrating peak power densities
of 0.6 and 0.1 W/cm2 at 750 and 600 1C, respectively. The
unique properties of the bi-layer anode are attributed to the
nanostructured BZY coating on the YSZ phase and the BaO
nanoparticles on the Ni surface of the composite anode. The
desirable nanostructures can be created by a simple and costeffective modiﬁcation of the existing processes for fabrication
of the state-of-the-art SOFCs based on YSZ electrolyte. Highperformance fuel cells that run on transportation fuels hold
great promise for electric and hybrid electric vehicles.
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