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ABSTRACT

The combination of solid oxide fuel cells (SOFCs) and biomass gasification has the potential to become
an attractive technology for the production of clean renewable energy. However the impact of tars,
formed during biomass gasification, on the performance and durability of SOFC anodes has not been well
established experimentally. This paper reports an experimental study on the mitigation of carbon for-
mation arising from the exposure of the commonly used Ni/YSZ (yttria stabilized zirconia) and Ni/CGO
(gadolinium-doped ceria) SOFC anodes to biomass gasification tars. Carbon formation and cell degrada-
tion was reduced through means of steam reforming of the tar over the nickel anode, and partial oxidation
of benzene model tar via the transport of oxygen ions to the anode while operating the fuel cell under
load. Thermodynamic calculations suggest that a threshold current density of 365 mA cm~2 was required
to suppress carbon formation in dry conditions, which was consistent with the results of experiments
conducted in this study. The importance of both anode microstructure and composition towards carbon
deposition was seen in the comparison of Ni/YSZ and Ni/CGO anodes exposed to the biomass gasifica-
tion tar. Under steam concentrations greater than the thermodynamic threshold for carbon deposition,
Ni/YSZ anodes still exhibited cell degradation, as shown by increased polarization resistances, and car-
bon formation was seen using SEM imaging. Ni/CGO anodes were found to be more resilient to carbon
formation than Ni/YSZ anodes, and displayed increased performance after each subsequent exposure to

tar, likely due to continued reforming of condensed tar on the anode.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Significant quantities of biomass materials, such as agricultural
and residual wastes, are generated throughout the world annu-
ally. Biomass fuels have substantial potential as a carbon neutral
renewable energy source that can be used for the production of
electricity and heat in combination with solid oxide fuel cells
(SOFCs) [1-4], playing an important role in the mitigation of envi-
ronmental impacts associated with increasing carbon emission
from fossil fuels. The high operating temperatures and fuel flexi-
bility of SOFCs allow the utilization and internal reforming of wide
range of hydrocarbon based fuels. However, the impact of tars from
the gasification process is not well understood experimentally. Pre-
vious results [5] showed that degradation of a SOFC anode occurred
due to carbon formation when exposed to benzene as a model
tar compound. This work seeks to study the mitigation of such
carbon formation from benzene model gasification tar, in a syn-
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gas mixture containing H, and N, through steam reforming and
partial oxidation under cell load using two types of commercially
available SOFC anodes, nickel/yttria stabilized zirconia (Ni/YSZ)
and nickel/gadolinium-doped ceria (Ni/CGO). Thermodynamically
calculated threshold current densities are compared with experi-
mental results.

1.1. Methods to reduce carbon formation

The presence of tar in the gas stream may condense leaving
deposits on the walls of piping; enable polymerization of heavier
poly-aromatic compounds [6]; affect the steam reforming of the
syngas in to hydrogen [6,7]; and as a consequence lead to the shut-
down of gasification process units due to blocking and fouling of
downstream processes [8]. In thermodynamically unfavorable con-
ditions the presence of tars will lead to carbon formation and severe
degradation of nickel based SOFC anodes [5,9]. To prevent this from
occurring, the literature suggests several methods to reduce carbon
deposition and maintain anode performance, including optimizing
anode microstructure and fuel cell operational characteristics such
as the addition of steam and increased current density.
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1.1.1. Anode modification

Carbon deposition effects can be reduced by incorporating other
materials into the SOFC anode. For example it has been found that
ceria may enhance anode performance by promoting charge trans-
fer reactions at the triple phase boundary, due to its mixed ionic
electronic conductivity. He and Hill [10] reported that adding Zr-
doped ceria to Ni/YSZ pellets was an effective way to reduce carbon
formation. They found that the Zr-doped ceria prevented carbon
filament growth after exposure to methane, and through Tem-
perature Programmed Oxidation (TPO) experiments, found that
significantly less carbon deposited on the sample.

Similarly, additions such as Ag, Cu, and molybdenum to nickel
anodes (infiltrated by addition of species as nitrates or oxides prior
to milling) have been found to substantially reduce the level of car-
bon deposition [11,12]. Additionally, it has been found that the
synthesis path to manufacture the anode materials, the compo-
sition, as well as the microstructure of the anode, affects carbon
deposition on anode materials [12]. For example, Gorte and Vohs
[13] suggest that the mechanism for carbon formation on Cu differs
from carbon formation on metals such as Ni, Co and Fe. With Ni cat-
alysts the hydrocarbon cracks on the Ni surface, carbon is dissolved
into the bulk metal and is precipitated at the nickel surface. Cu on
the other hand was found to have a simpler mechanism, wherein
carbon was only deposited on the surface of the catalyst, without
the physical damage associated with Ni catalysts.

1.1.2. Addition of steam

Addition of steam has also been shown to reduce carbon for-
mation on SOFC Ni anodes and Ni based anode materials via steam
reforming [11,14]. However adding steam into a hydrocarbon fuel
stream can decrease the power density at high steam concen-
trations, around steam to carbon ratios (S/C) of 2-3 [11,15,16],
primarily due to a decrease in the OCV of the fuel cell at high steam
contents.

1.1.3. Current density

Oxygen combines with electrons at the cathode forming oxide
ions. The oxide ions transport through the electrolyte of the SOFC
to the anode. As the current drawn from the SOFC increases, the
flux of oxygen ions across the electrolyte correspondingly increases
[11,17]. The increased conversion of carbonaceous species such as
methane, and stepwise increase in CO, CO, and H,O production
with increasing current drawn, indicates that the partial oxidation
of methane (or other carbonaceous species) by oxygen ions occurs
[11,18] through the following reactions at the anode:

CHy + (§+2x) 0% < LH;0 +1C0; + (y + 4x)e” 1)
for any carbonaceous species, and:
CoHun + 1H,0 < nCO + (n+g) H, )

for steam reforming.

Therefore the current density has a significant impact on carbon
deposition from both light and heavy hydrocarbon fuels, as shown
in this study, as it determines the amount of oxygen ions that are
available at the anode for reaction [9].

1.1.4. Anode preparation and reduction

The performance of a nickel cermet anode is influenced by
its morphology, triple phase boundary distribution, and Ni grain
connectivity [19]. It has been shown that the microstructure of
an anode sintered at lower temperatures resisted the effects of
anode degradation from carbon as the high surface area of the
nickel cermet did not readily allow for blockage of active sites
from carbon deposition. This allowed for improved stability when

operating on methane [20], though at the cost of anode perfor-
mance. It was found that carbon deposition improved conductivity
by linking Ni particles together with carbon [16,21]. However this
observation may not be relevant to well percolated commercially
available SOFC anodes as the conducting nature of carbon would
not greatly contribute to improved conductivity over that of the
metallic nickel. Reduction at higher temperatures (such as used
in this study) allows for greater sintering, providing larger nickel
particles, reduced surface area, and a more continuous nickel struc-
ture [20,22,23]. However the formation of a surface carbon layer
could occur, hindering the transport of reactants to active sites and
eventually leading to deactivation of the anode [20,24].

Clearly, the operating conditions (steam content, current den-
sity), composition, structure, and pretreatment of the anode will
have a significant impact on its ability to resist carbon formation.
As within other aspects of catalysis, a catalyst designed for steam
reforming may not be appropriate for partial oxidation, and in
addition this can also vary depending on the fuel used. It would
therefore be appropriate to use a similar approach for selecting an
anode that is resistant to carbon formation when using a biomass
gasification syngas containing tar. The impact of anode exposure to
benzene as a model tar compound arising from biomass gasification
over two commercially available SOFC anodes is examined in this
work, operating at open circuit and under load, and as a function of
steam content.

2. Experimental
2.1. Experimental set-up

ASOFC test station has been developed to test the carbon deposi-
tion characteristics of synthetically generated biomass gasification
tars over nickel anode materials, and to study the effects of tars
on operating SOFCs, as shown in Fig. 1. This test station has the
capability of generating synthetic biomass gasification syngas using
pure Ny, Hy, CO, CO,, and methane by mixing to the desired par-
tial pressures using a Fideris FCTS GMET mass flow control unit.
To isolate the carbon formation from tars, CO, CO,, and methane
were not used in this study as these components may contribute to
additional carbon formation and/or additional oxidation behavior
via CO, reforming and steam production from the reverse water
gas shift (RWGS) reaction. Therefore, to identify the effect of steam
on carbon formation from biomass gasification tar, only the frac-
tion of hydrogen represented in Table 1, describing the typical
properties of a syngas from biomass gasification [7,25-29], was
used with a flow rate of 15mlmin~! H, mixed with 85mlmin~!
N, (purity >99.999%, BOC gases). The synthetic mixture is passed
through a temperature controlled water bath for gas humidifica-
tion, or directly to a heated line to study the effect of dry gas on the
system. The gas enters a heated and insulated line which contains
an injection port to introduce synthetic model tars via a syringe
pump (KD Scientific) atarate of 102 wlh~?!, producing a tar concen-
tration of 15gNm~3. A portion of the tar injection line is heated at
temperatures slightly above the boiling point of the model tar com-

Table 1
Typical properties of biomass gasification syngas.

Compound Gas (vol.%) [26] Dry gas (ave. vol.%)?
H, 14.5 15
Cco 21.0 24
CO, 9.7 11
H,0 4.8 -
CHa4 1.6 2
N, 484 48

2 Average from literature data.
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Fig. 1. Schematic illustration of the SOFC test station.

pound to allow for vaporization of the tar species into the gas phase,
and subsequent mixing with the incoming syngas. Downstream,
the tar-containing syngas is fed to a heated furnace containing the
SOFC. The discharge from the reactor is sent to a mass spectrometer
and gas chromatograph for gas stream analysis.

2.2. SOFC button cell preparation

An electrolyte supported button cell was prepared in order to
assess anode performance under varying load and steam conditions
in the presence of biomass gasification model tars. Yttria-stabilized
zirconia (YSZ) pellets were prepared by pressing 3 g of YSZ (TZ-8Y
Zirconia, Tosoh Corporation) powder at 1tonne pressure for 30s,
before firing at 1450°C for 5h at a ramp rate of 5°Cmin~!. The
pellets were polished using 1200 grit polishing paper to ensure uni-
form thickness of ~1.4 mm prior to screen printing the anode and
cathode on the electrolyte. Nickel oxide cermet ink (60:40 NiO/YSZ
or 50:50 NiO/CGO by weight, FuelCellMaterials, USA) as the anode,
and LSM-YSZ (50:50 (Lag.goSro.20)0.98MnO3_ /(Y203 )0.08(Zr02)o.92
by weight, FuelCellMaterials, USA) as the cathode and reference
electrode, were screen printed (error of 125 pm in the placement
of electrode geometries) and fired sequentially at 1300 and 1150 °C,
respectively. The anode was a circular disk 1.1 cm in diameter with
a cross-sectional area of 0.95 cm? and the cathode was an identical
circular disk, surrounded by a reference electrode with an internal
diameter of 17 mm, and an external diameter of 19 mm.

2.3. SOFC performance testing

The fuel cells were tested in a button fuel cell test unit capable
of testing fuel cells with diameters of 22-30 mm that was placed
within the heated furnace of the test station described above. A
description of this test station can be found in Offer et al. and
Mermelstein et al. [5,30]. The cell was taken up to an operating
temperature of 765 °C at a ramp rate of 7.5°Cmin~! with the anode
side exposed to an inert atmosphere. Anode reduction took place by
exposing the catalyst at operating temperature in 2.5% humidified
steam and 5% H; for 30 min, then increasing incrementally to 25%
H, balance N, over a period of 30 min at a flow rate of 50 ml min~!.
The sample was then held in 25% H, for 30 min. After reduction,
flow was increased to 100 mlmin~! and the hydrogen concentra-
tion changed to the experimental operating conditions of 15% H
and the experiment’s appropriate steam content. For the electro-

chemical measurements, an Autolab PGSTAT302 (Eco Chemie BV,
The Netherlands) with an FRA module was used. The electrochem-
ical impedance response was measured in the frequency range
0.1Hz to 10kHz with five points measured at each decade, and
a stimulus potential amplitude of 0.02 V (rms) was used through-
out. Voltage current performance was measured using linear sweep
voltammetry from the cell open circuit voltage (OCV) to an anode
potential of —0.5V, with a step potential of 0.00015V and a scan
rate of 0.01Vs~1. Autolab FRA and GPES software was used to log
and analyze the measurements.

Measured anode overpotential is dependent on the series resis-
tance of the anode plus electrolyte, described by the following
equation and further explained in Offer et al. [30].

Nanode = Mmeasured _jR?CV (3)

where ‘%’ is the overpotential, *j’ is the current density in mA cm~2,
and ‘Rs’ is the series resistance measured at OCV. However errors
are introduced when using this correction method for overpotential
when dynamic changes in Ry and polarization resistance (Rp) occur,
as is the case when carbon deposition occurs. Therefore, in this
study, performance curves are expressed for anode potential, mea-
sured as the uncorrected potential difference between the anode
and reference electrode, as a function of current density.

3. Results and discussion

3.1. Thermodynamic predictions—effect of current density on
carbon formation

Thermodynamic calculations were carried out using HSC chem-
istry software (version 5.11, Outokumpu Research Oy, Finland) via
the Gibbs free energy minimization method as described in Sasaki
and Teraoka [31]. Calculations were conducted reflecting experi-
mental operating conditions of 765 °C and 1 atm for a 1 cm? anode
operating on 15gm~3 benzene model tar in a 15% H, balance N,
gas stream of 100 ml min—!. The number of moles of oxygen (NO,)
transferred from the cathode to the anode used in the thermody-
namic calculations was calculated by Faraday’s law:

No,(mol cm~2s71) = A%F (4)

where j is the current density and F is the Faraday constant. To
account for the flow rate of fuels supplied to the anode, the equi-
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librium compositions are related to the fuel utilization, U:
U= ! (5)
F (Z?:1 Ne; X yi) NEyel

where i is the current in amps, n. is the number of electrons from
the oxidation reaction of component ‘i’, y is the fuel fraction of
component ‘7, and N, is the fuel flow rate in mol s—! to the anode.

Fig. 2 shows the calculated downstream major gas phase compo-
nents of Hy, CO, CO,, H,0, CH4 (N3 not shown) and carbon existing
as a pure condensed phase, as a function of current density and fuel
utilization. Fuel utilization is calculated up to 100% (j=3 Acm~2),
while noting that in practice fuel utilization is generally limited to
around 85% to prevent anode oxidation and mass transport limita-
tions. The thermodynamic calculations reveal that the amount of
C(s) which is caused by the decomposition of the gasification tar,
is predicted to be maximum at open circuit. Cg is reduced with
increased load up to a current density of 365 mA cm~2 (equivalent
to a fuel utilization of 12% for the conditions examined here) beyond
which carbon deposition is no longer thermodynamically favored.
This transition is known as the threshold current density and up to
this point the primary mechanism for carbon removal and conver-
sion of the carbonaceous species is by partial oxidation to syngas
components of H, and CO [9,32]. Up to this transition point CHyg
exists at low concentration (<1.5 x 107 mol s—1,0.19%), there is lit-
tle increase in H,0, and H, exists at a constant concentration. CO
increases significantly to a maximum value at the threshold cur-
rent density. Equilibrium compositions of the gas mixture change
abruptly after this point. Further increases in current density (and
higher rate of oxygen supply) above this threshold requires more
consumption of H, and CO for electrochemical oxidation to produce
electricity, causing a rapid increase in CO, and H,O concentration
indicating the transition towards direct oxidation of carbonaceous
species in the gas stream [33]. CHy is rapidly consumed, production
of CO from partial oxidation is decreased, and hydrogen consump-
tion, along with accompanying H,O production, increases rapidly.
Thermodynamic calculations assume a homogeneous gas mixture.
However it should be noted that in a SOFC stack, Pp, concentration
gradients exist within the anode. This could result in localized car-
bon deposition arising from Pg, gradients which are not taken into
account in the calculations reported here.
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Fig. 3. Anode Potential of SOFC with Ni-YSZ anodes after exposure to 15gm~3 ben-
zene tarinadry 15%H,/N; atmosphere at 765 °C after operating at 0 and 10 mA cm—2
for 30 min compared with the initial performance of the cell before tar loading.

3.2. Current density effects on the performance of SOFCs exposed
to benzene model tar in dry conditions

The increase in load drawn across a SOFC increases the con-
centration of 0%~ jons at the anode which in turn allows the
partial oxidation of carbonaceous species. As shown in Section 3.1,
a threshold current density exists above which carbon formation
is no longer predicted. Increasing current density above this point
leads to direct oxidation of the carbonaceous fuel. The impact of
these reactions can be seen in the effect of current density on the
polarization curves and impedance characteristics of the Ni/YSZ
based fuel cell as shown in Figs. 3 and 4, respectively.

The polarization curves measured at OCV of separate Ni/YSZ
anodes after exposure to 15gm=3 tar for 30 min at open circuit
and at 10mA cm~2 are compared with initial cell performance in
Fig. 3. Here the polarization curves show the negative impact on
anode kinetics from exposure to tar, though this negative impact is
reduced by operating the cell under aload of 10 mA cm~2 compared
to running the cell at OCV. Transport limitations in the polarization
curve do not seem to be a factor in either case, and it is apparent the
performance of the cell tends towards its initial value at higher cur-
rent densities. This could be the result of carbon oxidation during
acquisition of the polarization curve where:

C 4 20% < COy +4e” (6)
and
C+ 0% < CO + 2e (7)

The amount of carbon consumed at the anode is directly pro-
portional to the amount of electric charge, Q, passing through the
circuit during polarization, calculated using Faraday’s law where:

t

Q=/j(t)dt (8)
0

and

NC,cons = % (9)

for carbon oxidation occurring in both reactions (6) and (7). The
total charge during polarization was 4.13Ascm~2 which allows
for the oxidation of 0.385 mg of carbon in dry conditions. In com-
parison, as found in previous results [14], this is approximately
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equivalent to the amount of carbon that would occur in the pres-
ence of 5% steam. The high amount of carbon found on the anode in
dry conditions, acts as a fuel, allowing for slight improvements in
performance at the higher current densities, shown in Fig. 3. This
may indicate that during anode polarization, high current densities
may be oxidizing carbon off the anode.

The effect of current density on the impedance characteristics
for Ni/YSZ fuel cells are shown in Fig. 4, where 15 gm~3 benzene
tar was fed to the fuel cell in dry 15% H, operating at current den-
sities of 5-350 mA cm~2 for 30 min. At the end of 30 min the cell
was placed back at open circuit in the absence of tars to obtain
an impedance spectrum. The initial impedance spectra, not shown,
had a series resistance of 2-3  cm? with an average polarization
resistance of 7 2 cm?2. Cell degradation rates were observed at 0.27
and 0.59 2 cm? h~! for Ry and Ry, respectively. Fig. 4a shows that,
as the operating current density is increased, the cell impedance
(taken at open circuit after 30 min tar exposure at that current den-
sity) is reduced, hence it is clear that the increased current density
is reducing anode degradation arising from the formation of car-
bon. Furthermore, this trend in reduced anode degradation can be
seen in Fig. 4b, showing the polarization resistances as measured
at OCV after exposure to tars under increasing current density. As
the current density is increased towards that of the threshold cur-
rent density, the degradation of the cell, measured as the increase
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in polarization resistances, is minimized towards the characteris-
tic initial Ry of the anode. This indicates reduced carbon deposition
consistent with the thermodynamic predictions shown in Fig. 2.

3.3. Effect of steam on anode performance exposed to gasification
tar

Ina SOFC, carbonis suppressed by both steam reforming (Eq. (2))
and oxygen ion transport across the zirconia electrolyte (Eq. (1)),
which oxidizes carbon formed on the surface of the anode. As dis-
cussed earlier, the composition and pretreatment of the anode both
play an important role in minimizing the effects of carbon forma-
tion on the performance of the fuel cell. Two commercially available
fuel cell anodes, Ni/YSZ and Ni/CGO, were studied to compare the
effect of steam concentration on the performance and degradation
of the anode exposed to 15 gm~3 benzene model tar in 15% H, for
a period of 30 min at OCV.

= S/C = 1 Initial

S/C =11t=230min
j —— S/C = 2 Initial
- 8/C=2t=30min

Anode Potential / V

0 50 100 150 200 250
Current Density / mA cm?
Fig. 6. Initial and final anode polarization curves of SOFCs with Ni-YSZ anodes

exposed to 15gm~3 benzene as model tar in a 15% H,/N, atmosphere at 765°C
for 30 min at OCV in humidified steam at two S/C ratios.
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3.3.1. Steam reforming of tars over Ni/YSZ anodes

The anode degradation and performance characteristics of sepa-
rate Ni/YSZ anodes after exposure to 15 g m~3 benzene as model tar
in 15% H; and steam concentrations from 2.5% to 7.5% for 30 min are
shown in Figs. 5 and 6. Fig. 5 shows how the addition of humidified
steam up to 7.5% (S/C=3) decreases the polarization resistance of
the Ni/YSZ anode after tar exposure, which shows reduced degra-
dation of the cell caused by carbon deposition. These experiments
were conducted at OCV, and therefore the predominant mechanism
for carbon removal is by steam reforming rather than direct oxida-
tion through oxygen ion transport. The high initial ohmic resistance
of the anode may be explained by nickel particle agglomeration
following NiO reduction at elevated temperatures, as suggested in
Blennow et al. [34].

Comparisons of anode performance are made in Fig. 6 for S/C
ratios of 1 and 2. The increase in steam concentration was found to
reduce the degree of degradation in anode kinetics associated with
the initial response to anode polarization, coinciding with reduced
polarization resistances in Fig. 5. However cell degradation from
carbon deposits was still severe in high steam concentrations. At
higher current densities along the polarization curve, approaching
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anode potentials of 0.5V, anode performance approaches that at
the initial state prior to tar exposure. Similar effects were observed
in dry conditions shown in Fig. 3. This may be the consequence of
electrochemical oxidation of deposited carbon at elevated current
densities. Visual observations of the cells also showed a decrease
in carbon formation with increased steam content, though cell
damage due to cermet expansion and anode separation from the
electrolyte still occurred at S/C=3. By comparison with dry operat-
ing conditions, it is clear that the addition of steam above a S/C ratio
of 1 greatly inhibits the formation of carbon from biomass gasifi-
cation tars on Ni/YSZ anodes, but does not fully prevent carbon
formation as might be expected from the thermodynamic calcula-
tions.

3.3.2. Steam reforming of tar over Ni/CGO anodes

As discussed above, steam injection has been shown to be an
effective method to reduce carbon formation on Ni/YSZ anodes.
However, despite operating the cell well above the thermodynamic
threshold for carbon formation at S/C ratios approaching 3 [14], the
formation of carbon was still evident, leading to deactivation and
degradation of the fuel cell anode.

(b) 05 -
i ¢ t=0min
®  t =20 min with tar
041 t =30 min
034 vl
.D- ‘:.
r e
0.2 \g "o
e o A
3] 4 g '.0.
Coord A% e
N ‘.:
1
ad
0.0 ;‘-
'«i ff
014 %W
0.2 44—~
10 12 14 16 18 20 22 24 26 28 30
z'/ Qem’
(d) 05
¢ t=0min
A% B t=20 min with tar
] t = 30 min
.
0.3 _-.‘0‘”
L
--‘.0
s 0.2 4 - L d
£
Q
o]
N
02 4——1— (i T T T 17

— ———
08 10 12 14 16 18 20 22 24 26 28 30
z' [ Q cm?

Fig. 7. (a) Impedance spectra of Ni/CGO anodes operating at 765°C in a 15% Hy/N, atmosphere exposed to 15gm=3 benzene for 30 min in 7.5% humidified steam. (b)
Impedance spectra of Ni/CGO anodes operating at 765 °C in a 15% H, /N, atmosphere exposed to 15 gm~3 benzene for 30 min in 5.0% humidified steam. (c) Impedance spectra
of Ni/CGO anodes operating at 765 °C in a 15% H, /N, atmosphere exposed to 15 g m~3 benzene for 30 min in 2.5% humidified steam. (d) Impedance spectra of Ni/CGO anodes
operating at 765°C in a 15% H;/N; atmosphere exposed to 15 gm~3 benzene for 30 min in 1.0% humidified steam.
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Fig. 8. (a)Polarization curve of Ni/CGO anode operating at 765 °Cina 15% H, /N, atmosphere exposed to 15 g m~3 benzene for 30 min in 7.5% humidified steam. (b) Polarization
curve of Ni/CGO anode operating at 765°C in a 15% H»/N, atmosphere exposed to 15gm~3 benzene for 30 min in 5.0% humidified steam. (c) Polarization curve of Ni/CGO
anode operating at 765 °C in a 15% H, /N, atmosphere exposed to 15gm~3 benzene for 30 min in 2.5% humidified steam. (d) Polarization curve of Ni/CGO anode operating at
765°C in a 15% H, /N, atmosphere exposed to 15 gm~3 benzene for 30 min in 1.0% humidified steam.

Cerium oxide is a key component in catalysts for reactions
involving the oxidation of hydrocarbons because of its high con-
centration of highly mobile oxygen vacancies that act as a sink for
oxygen involved in reactions at the surface of the catalyst. The sur-
face reaction of hydrocarbon species with oxygen in the CGO was
found to be the rate controlling step, while oxygen is replenished
by a more facile reaction between steam and CGO [35]. It had been
expected that the CGO based anode catalyst would show less car-
bon formation than its YSZ equivalent, as ceria is well known for
its ability to resist carbon deposition and to catalyze the oxidation
of carbon [35,36]. To test this, a Ni/CGO anode supported on a YSZ
electrolyte containing an LSM-20 cathode and reference electrode
was used. The effects of anode degradation and performance char-
acteristics of the Ni/CGO anodes after exposure to 15 g m~—3 benzene
model tar for 30 min at 765°C in 15% H, and varying amounts
of steam at OCV are shown in Figs. 7 and 8. Fig. 7a-d shows the
impedance characteristics of the anode before tar exposure, while
operating on tars at t=20min, and after 30 min exposure to tar
at humidified steam concentrations of 7.5%, 5%, 2.5%, and 1% suc-
cessively. The cell was initially exposed to tars in 7.5% humidified
steam to minimize the effects of carbon formation on using a sin-

gle cell for consecutive experiments. The initial exposure to tars
at this high steam concentration showed a decrease in the series
resistance, and a negligible change in the polarization resistance
of the anode in comparison with the initial conditions of the cell.
This can be attributed to some degree of carbon deposition and/or
microstructural changes in the anode leading to increased conduc-
tivity. However, if some carbon was formed, it did not affect the
electrochemical response seen in the polarization resistance of the
anode. Further exposure to tars in humidified steam concentra-
tions down to 2.5% did not show any significant changes in anode
polarization resistance after exposure to tars. The R, of the anode
operating in 1% humidified steam is not presented as it could not
be accurately determined. It can be seen that the change in series
resistance with tar exposure decreases as the steam concentration
approaches 2.5% (~S/C=1). However lowering the steam content
below the thermodynamic threshold for carbon formation led to a
larger change with areduction in R after exposure to tar, indicating
the deposition of carbon on the anode. As a single cell was used for
these experiments, the effects of R; were minimized after consecu-
tive experiments due to the carbon that was initially deposited on
first exposure to tars. These results are further tabulated in Table 2.



1664 J. Mermelstein et al. / Journal of Power Sources 195 (2010) 1657-1666

Table 2

Series and polarization resistance of Ni/CGO anode before, during (t=20min), and
after operating on 15 gm~3 benzene as model tar in 15% H, atmosphere in humidi-
fied steam for 30 min at OCV.

Humidified steam Initial Operating with tar After tar exposure

Series resistance (2 cm?)

7.5% 1.45 1.31 1.31
5.0% 1.18 1.11 1.1
2.5% 1.08 1.05 1.02
1.0% 1.02 0.879 0.875
Polarization resistance (2 cm?)
7.5% 1.36 134 1.34
5.0% 1.12 1.11 1.1
2.5% 1.04 1.05 1

1.0% - - -

Anode potentials for the initial performance of the anode, and
following a 30 min exposure to 15gm~3 benzene model tar in
humidified steam concentrations from 7.5% to 1%, are shown in
Fig. 8a-d, respectively. Degradation rates of the Ni/CGO anodes in
the absence of tars were insignificant with rates of 0.0036 and
0.0030 2cm? h~! for the Ry and Rp, respectively. The effects of
steam on anode performance can be seen by comparing the initial
conditions at each steam concentration in Fig. 8. Increasing steam
concentration leads to increased series resistance and a reduction
in OCV, independent of possible carbon that may have formed in
low quantities. In separate fuel cell experiments (not shown) under
conditions of 15% H, and varying steam only, changes in R, and
anode reaction kinetics were found to be negligible. Therefore the
decrease in anode performance can be explained by a downward
shift in the polarization curve, a result of reduced OCV from the
increase in steam concentration.

Comparing Fig. 8a and b, it would have been expected that
high humidified steam contents above 7.5% would show the largest
improvement in anode performance in comparison to subsequent
experiments at lower steam levels, as the fuel cell was operating
well above the thermodynamic boundary for carbon formation.
However the change in anode potential after tar exposure in 7.5%
steam throughout the polarization curve was less than that of the
5% humidified steam experiment. This may be the result of alter-
ation to the anode microstructure due to the initial exposure to
and reforming steps of the heavy hydrocarbon fuel. In addition,
the dilution of fuel from the high steam content may have affected
mass transport within the cell at high current densities along the
polarization curve.

Fig. 8a-d also shows that, similar to the impedance data in
Fig. 7a-d, the effect of operating the fuel cell with benzene as model
tar for 30 min had little effect on the current-potential curve of
the anode. It was evident however that the OCV did increase while
the anode was exposed to tar, consistent with previous results [5]
showing that low concentrations of tar compounds act as a fuel
to the fuel cell. Following removal of the tar from the gas stream,
the OCV immediately returned back to its initial condition sug-
gesting, along with R, data from Fig. 7, that the electrochemical
response of the cell was not adversely affected. One explanation for
theincrease in performance after exposure to tars in steam contents
>1%, as shown in Fig. 9, is that as suggested by Coll et al., benzene is
adsorbed with water onto the surface of the nickel until all carbon
atoms are converted to CO or CO, [37]. As the impedance spectra
and polarization curves were taken immediately after tars were
removed from the gas stream, unconverted tar may have still been
absorbed on the surface of the anode. The continued reforming of
the condensed tar to CO, providing an increase in local fuel concen-
tration, may offer an explanation for the increase in performance.

The change in Ni/CGO anode performance, measured as the
change in anode potential between initial conditions and after

30 min exposure to tars, for steam contents from 1% to 5% at cur-
rent densities along the polarization curve are shown in Fig. 9.
Performance changes at 7.5% humidified steam are not shown
due to the changes from the initial exposure to tars as discussed
above. As shown in Fig. 8, there were insignificant changes from
the initial state of the polarization curve at current densities less
than 100 mA cm~2. Therefore, Fig. 9 shows the increase in per-
formance as a function of anode potential along the polarization
curve from 100 to 200 mA cm~2. Anode potential increased after
exposure to 2.5% and 5% humidified steam, however performance
began to decrease as steam decreased towards 1%, within the ther-
modynamically stable region for carbon formation. As suggested
by thermodynamic calculations [14], as the steam content falls
below a S/C of 1 (~2.5% humidified steam) the deposition of carbon
becomes thermodynamically preferred. Small deposits of carbon
may increase anode conductivity and performance as discussed
herein and in [20,21]. However high quantities of carbon lead to
increased anode polarization resistances, reduced mass transport
of fuel to the triple phase boundary, and degradation of the cell.
As seen here, the low steam content of 1% led to reduced anode
performance, most likely from the onset of carbon deposits arising
from exposure to tar in a thermodynamically stable region for car-
bon formation. By contrast, steam levels above the thermodynamic
threshold for coke formation show an increase in performance,
from the possible reforming of condensed tar.

The fuel cell was removed from the SOFC test apparatus and
the anode microstructure was analyzed for carbon deposits and
anode degradation using a scanning electron microscope (SEM). In
contrast with the Ni/YSZ anode, visual inspection of the cell indi-
cated no significant damage. Some carbon formation was evident at
the outer edge of the anode electrolyte surface. The microstructure
shown in Fig. 10a does not show any evidence of carbon, this held
true for the majority of the surface of the anode. A few areas near
the edge of the anode were found to have small patches of carbon
deposits as shown in Fig. 10b. This may be the result of internal
flow channels within the apparatus, in the contact area between
the current collector and the electrode.

It should be noted that after four subsequent exposures of ben-
zene model tar in decreasing steam, the amount of carbon formed
on the anode was not sufficient to cause significant performance
degradation. The carbon may not have begun to form until the
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Fig. 9. Change in Ni/CGO anode performance measured at fixed current densities
operating in 15% H; at 765 °C with varying steam concentrations after 30 min expo-
sure to 15gm—3 benzene as model tar.
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Fig. 10. SEM micrograph of Ni/CGO anode after four 30 min exposures to 15gm—3
tar in humidified steam levels of 7.5-1% in 15% H, operating at 765°C. (a) Area of
anode not containing carbon and (b) carbon formed (shown by the arrow) at the
edge of the anode electrolyte interface.

steam content dropped below the thermodynamic boundary for
carbon formation. This is in sharp contrast to the microstructure
of the Ni/YSZ anode after a single 30 min exposure to 5gm~3 ben-
zene model tar in 5% steam and 40% H; shown in Fig. 11. Though the
H, gas composition was higher (as part of a separate study), it does
show carbon deposits within the Ni/YSZ cermet structure. As shown

Fig. 11. SEM micrograph of Ni/YSZ anode after a single 30 min exposures to 5gm—3
tar in 5% humidified steam in 40% H; operating at 765 °C.

in Fig. 5 this led to significantly higher R, and cell degradation as
compared to the Ni/CGO anodes, even though the fuel cell was run
well outside the region in which carbon is thermodynamically sta-
ble. Previous results in [14] found that Ni/CGO catalyst material (as
used in this paper) exhibited slightly more carbon when exposed to
benzeneinapacked bed than the Ni/YSZ counterpart. This may have
been an effect of the surface area and nickel content of the materials
used. As a sintered material in a working SOFC anode, results were
different, showing that the Ni/YSZ anodes were much more suscep-
tible to carbon deposition. Therefore it may be concluded that the
composition and structure of the anode has a significant role in the
suppression of carbon formation from such biomass gasification tar
compounds.

4. Conclusions

An experimental study has been conducted on the mitigation of
carbon formation arising from the exposure of Ni/YSZ and Ni/CGO
SOFC anodes to biomass gasification tars. Carbon formation and cell
degradation were reduced through means of steam reforming and
partial oxidation of benzene model tar via the transport of oxygen
ions to the anode while operating the fuel cell under closed circuit
conditions.

Partial oxidation of the tar can occur by oxygen ions trans-
ported from the cathode to the anode under load. The most efficient
point for partial oxidation of the carbonaceous species occurs at
the threshold current density, at which carbon formation is no
longer favored. Thermodynamic models for a SOFC operating in
dry conditions exposed to 15gm~3 gasification tar suggest that a
current density of >365mA cm~2 is required to suppress the for-
mation of carbon based on the experimental conditions used in
this study. Under similar experimental conditions, cell degrada-
tion, measured by impedance spectroscopy, was minimized as cell
load was increased towards the threshold current density.

The lateral conductivity of the Ni/YSZ anode was found to be
quite poor, resulting in high polarization resistances before expo-
sure to tar. However it was shown that R, decreased after exposure
to tar with increased steam content, reducing anode degradation.
However, even under high steam contents, carbon formation was
still sufficient to cause irreversible damage to the anode.

Conversely, the electrochemical response of the Ni/CGO anode
was unaffected by the exposure to benzene as model tar in steam.
The R; of the cell did, however, decrease after each subsequent
tar exposure, most prominently after the initial exposure in 7.5%
steam. The initial exposure to tars led to possible microstruc-
tural changes, or small amounts of carbon deposits. The Ni/CGO
anode performance was shown to increase after exposure to tars in
steam concentrations greater than the thermodynamic threshold
for carbon formation. This may have been a result of contin-
ued reforming/oxidation of the condensed tar on the anode while
obtaining the impedance and polarization curve.

It may be concluded that the structure and composition of the
anode, and the operational characteristics of the SOFC, have a sig-
nificant role in the suppression of carbon formation from biomass
gasification tars, with Ni/CGO anodes being more resilient to carbon
formation.
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