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< The addition of Sn did not improve the carbon tolerance of Ni/YSZ anodes in CH4.
< The electrochemical performance decreased with Sn content.
< High amounts of Sn (5%) may impede the carbon removal reactions.
< The stability in CH4 was similar for the Ni/YSZ and Sn-impregnated Ni/YSZ anodes.
< Sn content in the anode decreased after operation at 1073 K for 30 h.
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Carbon formation on conventional Ni/YSZ anodes is a major problem when solid oxide fuel cells (SOFC)
are operated with hydrocarbons. Carbon formation reduces the operational stability and lifetime of SOFC.
In this paper, the influence of the addition of Sn to Ni/YSZ anodes (100 micron) on the carbon tolerance,
electrochemical performance and stability of the anodes when operated with CH4 is studied. Sn is
incorporated into the Ni/YSZ anodes of electrolyte-supported SOFC by impregnation (1 and 5 wt% Sn
with respect to Ni). Addition of Sn to Ni/YSZ anodes does not reduce the carbon formationwhen SOFC are
operated with CH4 at low steam to carbon ratios (<0.03) and high temperatures (1013 and 1073 K).
Severe coking and metal dusting occurs on Sn-impregnated Ni/YSZ anodes when operated at OCV and
1073 K with dry CH4. Addition of higher amounts of Sn (5%) reduces electrochemical performance of Ni/
YSZ anodes in H2 and also reduces the carbon gasification rates, leading to higher carbon accumulation.
The Sn content in the anode decreases after operation at 1073 K for 30 h. Hence retaining Sn in the anode
might be difficult in actual stack operations at high temperatures (1073 K) and long durations
(>40,000 h).

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Solid oxide fuel cells (SOFC) convert the chemical energy of fuels
into electrical energy. The main applications of SOFC are for
stationary power generation units and auxiliary power units in the
transportation sector [1]. SOFC are operated at high temperatures
(773e1273 K) [1,2] to overcome the high energy barriers associated
with oxygen dissociation at the cathode and oxide ion diffusion
through the solid oxide electrolyte, typically yttria stabilized
zirconia (YSZ). The high temperature operation enhances reaction
kinetics and permits the use of non-noble metals, such as Ni, as
electrochemical oxidation catalysts in the anode. SOFC have several
: þ1 403 284 4852.
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advantages including high efficiency, fuel flexibility and generation
of high quality waste heat. The high quality waste heat can be used
in cogeneration units to generate steam for space heating, indus-
trial processing, or for more electricity generation in a steam
turbine.

Presently, H2 is the fuel of choice for fuel cells. However, 96% of
H2 is produced from hydrocarbons [3] and hence it maymakemore
sense to use hydrocarbons directly as fuel [4]. Direct utilization of
hydrocarbons like CH4 in an SOFC, without a pre-reforming step to
generate H2 or syngas, would simplify and improve the overall
efficiency of the system [3]. Ni is an excellent electrocatalyst but it
also catalyzes the decomposition of hydrocarbons and formation of
carbon. The primary carbon formation reaction is the Ni catalyzed
decomposition of CH4 via dissociative adsorption (reactions (1) and
(2)) [5].
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CH4 þ *4CHx � *þ ð4� xÞ
2

H2 (1)

CHx � *4C� *þ x
2
H2 (2)

Hydrogen and carbon produced from reactions (1) and (2) can
be electrochemically oxidized as shown in reactions (3) and (4). The
carbon can also react with water (reaction (5)) produced electro-
chemically at the anode or supplied with the fuel.

H2 þ O2�4H2Oþ 2e� (3)

Cþ O2�4COþ 2e� (4)

Cþ H2O4COþ H2 (5)

At lower temperatures, typically below 973 K, the carbon
monoxide produced can undergo disproportionation (reaction (6),
Boudouard reaction) to produce carbon.

2CO4Cþ CO2 (6)

Among the above reactions possible at the anode, reactions (1),
(2), (6) and reverse of reaction (5) are carbon forming reactions and
reactions (4), (5) and reverse of reaction (6) are carbon removal
reactions. When the rate of carbon forming reactions exceeds the
rate of carbon removal reactions, accumulation of carbon occurs.
The accumulation of carbon can block the pores and result in
expansion of the anode [6], causing damage to the SOFC.

To avoid carbon formation, higher steam: carbon ratios have
been used [7], and non-coking materials including Cu/CeO2/YSZ
[3,8,9], La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) [10], La4.0Sr8.0Ti11.0Mn0.5-
Ga0.5O37.5 (LSTMG) [11] and Sr2MgMoO6 (SMMO) [12] have been
introduced to the anodes. Anodes made from these oxides have
comparable anodic polarization resistances with Ni/YSZ anodes but
have lower electrical conductivities. In reducing anode atmo-
spheres, LSCM, LSTMG and SMMO had conductivities of 1.7 S cm�1

[13], 0.5 S cm�1 [11] and 10 S cm�1[12], respectively, compared to
>300 S cm�1 for Ni/YSZ anodes [14,15]. The low lateral conductivity
(or high sheet resistance) of the above perovskites may result in
low power densities, especially for SOFC designs with long current
collection paths, as in fuel cell stacks [16] and also in tubular
designs [10,17].

Ni/YSZ anodes have good electrochemical activity, high
conductivity, ease of fabrication, thermal and chemical compati-
bility with electrolyte (YSZ). Due to these desirable properties,
efforts have been made to improve the carbon tolerance of Ni/YSZ
anodes by the addition alkaline earth oxides, such as CaO [18,19]
and BaO [20] or by doping with metals such as Ru, Pd, Pt [21],
Au [22,23], Ag [24] and Sn [25e27]. As addition of these precious
metals to Ni is not economically viable, lower cost metals such as
Sn, which has been shown to reduce carbon formation for steam
reforming processes [5], have also been investigated. Recent
studies [25e27] report that 1% Sn-doped Ni/YSZ thick (>1000 mm)
anodes have superior operational stability in CH4 than Ni/YSZ
anodes. The role of Sn in reducing the carbon formation is
attributed to Sn displacing Ni [28] from the carbon nucleation
centers (defect step sites [29]) on the Ni catalyst, which lowers the
binding energy of carbon on these sites, thereby reducing the
nucleation of carbon [28].

Previous studies with Sn-doped Ni/YSZ anodes have been done
with anode-supported SOFC with anode thicknesses of 1000 mm
[25] and 1200 mm [26,27]. The present study is part of a project to
develop planar metal-supported SOFC, which have thin anodes in
the range of 10e100 mm. Thus, in this study thin (w100 mm thick)
Ni/YSZ anodes with and without Sn and supported on thick elec-
trolytes (w600 mm) have been fabricated and their performance
compared. The prepared anodes were characterized with scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDX), X-ray photoelectron spectroscopy (XPS), linear sweep vol-
tammetry (ieV) and electrochemical impedance spectroscopy (EIS).
The cells were tested in H2 and CH4 at 1013 K and 1073 K.

2. Experimental

Electrolyte-supported cells with w100 mm thick anodes were
used for this study. The anode powder was prepared by mixing
NiO (50.6 wt%, Alfa Aesar, USA) with YSZ (43.1 wt%, TZ-8Y; Tosoh
Co, Japan) and graphite (6.3 wt%, Alfa Aesar, USA) by ball milling
in acetone for 24 h. The powders were dried and sieved to particle
sizes less than 150 mm. The anode powder was then mixed with
glycerol to make a slurry suitable for brush painting. Electrolytes
were fabricated by uniaxially die pressing YSZ powder to a pres-
sure of 53 MPa and then sintering at 1723 K for 2 h. The anode
slurry was brush painted on the electrolyte and sintered at 1723 K
for 2 h. The cathode powder was prepared by mixing
La0.8Sr0.2MnO3 (40 wt%, LSM, Praxair Specialty Ceramics, USA)
with YSZ (40 wt%) and graphite (20 wt%). The cathode powder
was mixed with glycerol and applied on the other side of the
electrolyte and sintered at 1523 K for 2 h. The thickness of the
cathode (LSM/YSZ) and electrolyte (YSZ) were 80 and 600 mm,
respectively. Sn was incorporated into the porous, sintered NiO/
YSZ anode-substrate by impregnating a solution of SnCl2$2H2O
(Aldrich, USA) dissolved in ethanol, followed by calcination at
773 K for 4 h. The target Sn loadings were 1 and 5 wt% with
respect to Ni. The Ni/YSZ anodes impregnated with 1 and 5% Sn
were labeled as 1% SnIeNi/YSZ and 5% SnIeNi/YSZ, respectively
(where I refers to impregnated). The area of the anode and
cathode was 0.9 cm2. The anode side of the cell was attached to an
alumina tube using ceramic paste (552 VFG, Aremco, USA). A
quartz tube was used to supply the fuel gas into the anode side
and the cathode was exposed to air.

SOFC with Ni/YSZ, 1% SnIeNi/YSZ and 5% SnIeNi/YSZ anodes
were tested at 1013 and 1073 K. The flow rate of humidified and
dry H2 was 50 ml min�1, while that of humidified and dry CH4
was 25 ml min�1. The current collectors on the anode and
cathode sides were Ag wire loops (Alfa Aesar, USA) attached to
the electrodes using Ag paste (Alfa Aesar, USA). Electrochemical
measurements were done using an electrochemical interface
(1287 Potentiostat and 1260 Frequency response analyzer,
Solartron Analytical, U.K.). The cells were characterized by ieV,
galvanostatic, potentiostatic and EIS measurements. Impedance
spectra were measured at equilibrium (OCV) with AC amplitude
of 10 mV in the frequency range of 0.1 Hze1 MHz. In some cases
impedance spectra were measured at 10 mA cm�2 with
amplitude of 1 mA in the same frequency range. All the cells
were initially tested in dry and humidified H2 at the operating
temperatures. During these initial tests with H2; the quality of
the sealing, stability and performance of the cells in dry and
humidified H2 were analyzed. Once stable performance was
achieved with H2, the cells were tested with CH4. The cell test
protocol was kept constant for all cells with Ni/YSZ, 1% SnIeNi/
YSZ and 5% SnIeNi/YSZ anodes, for the different operating
conditions.

The carbon formed on the anodes was analyzed by temperature
programmed oxidation (TPO) and SEM (Philips ESEM-XL30). For
TPO measurements, the tested cell was exposed to 10% O2/bal He
gas at a flow rate of 50ml min�1. The samplewas heated from room
temperature to 1173 K at the rate of 10 K min�1. The exhaust gases
were analyzed using a mass spectrometer (Cirrus 200 Quadrupole,
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MKS, USA). The Sn content in the anodes was analyzed by EDX and
XPS.
Fig. 2. Average maximum power density of six SOFC with Ni/YSZ, 1% SnIeNi/YSZ and
5% SnIeNi/YSZ anodes in dry and humidified H2 at 1073 K.
3. Results and discussion

3.1. Electrochemical performance in H2

The electrochemical performance of SnIeNi/YSZ anodes was
compared with that of Ni/YSZ anodes in dry and humidified H2.
These experiments were done in order to understand the influ-
ence of Sn addition on the electrochemical performance of Ni/YSZ
anodes. Fig. 1a and b show ieV curves of the best performing cells
containing Ni/YSZ, 1% SnIeNi/YSZ or 5% SnIeNi/YSZ anodes in dry
and humidified H2, respectively, at 1073 K. Fig. 1c shows the
electrochemical impedance spectra of the same cells in humidi-
fied H2 at OCV and 1073 K. Six cells with each type of anode (18
cells total) were tested and the average maximum power densities
for SOFC with Ni/YSZ, 1% SnIeNi/YSZ and 5% SnIeNi/YSZ anodes
were 83 � 7, 83 � 12, and 61 �8 mW cm�2, respectively, in dry H2,
and 81 � 6, 78 � 14, and 59 � 7 mW cm�2, respectively, in
humidified H2 (Fig. 2). The average polarization resistances of
SOFC with Ni/YSZ, 1% SnIeNi/YSZ and 5% SnIeNi/YSZ were 2.8, 3.6
and 5.1 U cm2, respectively, in humidified H2 (note, the best per-
forming cells are shown in Fig. 1aec). The electrochemical
performance was similar for SOFC with Ni/YSZ and 1% SnIeNi/YSZ
anodes. The power density decreased significantly for the SOFC
with 5% SnIeNi/YSZ anodes. This decrease in performance corre-
sponded to an increase in polarization resistance (Fig. 1c). SOFC
tested at a lower temperature of 1013 K, similar to testing condi-
tions used by Nikolla et al. [25], also showed a decrease in elec-
trochemical performance as the Sn content in the Ni/YSZ anode
was increased (Fig. 3). Similar decreases in electrochemical
performance with Sn content have been observed previously
[25,26,30].
Fig. 1. Power density (open symbols) and cell voltage (filled symbols) as a function of current
anodes at 1073 K in (a) dry H2, (b) humidified H2 and (c) electrochemical impedance spect
Nikolla et al. [25] attributed this decrease in performance to the
formation of a separate Sn oxide phase which would decrease the
electronic conductivity of the anode. A decrease in electronic
conductivity on adding Sn was not observed in this study. The
ohmic resistance at 1013 K of SOFC with Ni/YSZ, 1% SnIeNi/YSZ and
5% SnIeNi/YSZ were 2.21, 2.21 and 2.17 U cm2, respectively. The
average ohmic resistance at 1073 K of six SOFC with Ni/YSZ, 1%
SnIeNi/YSZ and 5% SnIeNi/YSZ were 1.6 � 0.08, 1.5 � 0.06 and
1.5 � 0.07 U cm2, respectively. There was, however, an increase in
the polarization resistance with the addition of Sn as shown in
Fig. 1c. The observed decrease in performance may be attributed to
the increase in polarization resistance on adding Sn. XPS analysis of
a reduced 2% SnIeNi/YSZ anode, prepared in the preliminary phase
of this work, indicated a Sn/Ni weight ratio of 22% showing that
most of the Sn in the Ni particle was concentrated at the surface of
the particle. This high concentration of Sn at the Ni surface may
lead to Sn occupying the electrochemically active Ni sites [26,30]
thereby increasing the polarization resistance.
density for SOFC with Ni/YSZ (,,-), 1% SnIeNi/YSZ (D,:) and 5% SnIeNi/YSZ (B,C)
ra of the same cells in humidified H2 at OCV and at 1073 K.



Fig. 3. Power density (open symbols) and cell voltage (filled symbols) as a function of
current density for SOFC with Ni/YSZ (,, -), 1% SnIeNi/YSZ (D,:) and 5% SnIeNi/YSZ
(B, C) anodes at 1013 K in humidified H2.

Fig. 5. Current density as a function of time for SOFC with Ni/YSZ (solid line), 1%
SnIeNi/YSZ (broken line) and 5% SnIeNi/YSZ (dotted line) anodes operated at 0.6 V in
dry CH4 at 1013 K for 25 h.
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3.2. Electrochemical performance and operational stability in CH4

The electrochemical performance and operational stability of
the SOFC were tested at 10 mA cm�2 in dry CH4 (Fig. 4a) and
50 mA cm�2 in humidified CH4 (Fig. 4b) at 1073 K. Also SOFC were
tested at 1013 K in dry CH4 at 0.6 V (Fig. 5) similar to testing
conditions studied by Nikolla et al. [25]. The degradation rates over
the last 10 h (15e25 h of operation) of the galvanostatic and
potentiostatic tests (Figs. 4 and 5) are reported in Table 1. During
operation at 10 mA cm�2 at 1073 K (Fig. 4a) and 0.6 V at 1013 K
(Fig. 5) in dry CH4, the SOFC with Ni/YSZ anodes had slightly lower
performance and also lower degradation rates than those with
SnIeNi/YSZ anodes. During operation at 50 mA cm�2 in humidified
CH4 at 1073 K (Fig. 4b), the SOFC with a Ni/YSZ anode initially had
a lower operating voltage, but steadily increased to a higher oper-
ating voltage than those with SnIeNi/YSZ anodes. The differences
in carbon formation, electrochemical and non-electrochemical
reaction rates may be responsible for the observed performance
differences between the Ni/YSZ and SnIeNi/YSZ anodes under
different operating conditions. The electrochemical studies,
however, do not isolate the chemical or structural changes
responsible for the observed differences [31]. Recent advances in
in-situ characterization techniques [31,32] may be able to better
isolate the factors responsible. Increasing the Sn content from 1 to
5% decreased the electrochemical performance in all cases.

Nevertheless, no catastrophic decrease in performance was
observed at the above three operating conditions, unlike those
observed in previous studies [26,27] involving anode-supported
SOFC. The difference in the cell design, namely electrolyte-
Fig. 4. Cell voltage as a function of time for SOFC with Ni/YSZ (solid line), 1% SnIeNi/YSZ (bro
CH4 at 10 mA cm�2 and (b) humidified CH4 at 50 mA cm�2.
supported in the present study versus anode-supported in the
previous studies [26,27], may be responsible for this difference.
Formation of carbon induces mechanical stress in the anode, and
this stress will be greater for anode-supported cells than
electrolyte-supported cells. The anode in an anode-supported cell
is more constrained because it is sealed to the testing apparatus
using ceramic or glass sealants and has inherent rigidity because of
its thickness. In electrolyte-supported cells, the sealing is done
between the electrolyte and the testing apparatus, which allows
more expansion for the anode. In the above three operating
conditions, there was no strong correlation between the accumu-
lated carbon (Table 2) and the improvement or degradation in
performance. Also no significant difference in the operational
stability could be observed between the Ni/YSZ and SnIeNi/YSZ
anodes. The carbon formed at the above operating conditions in
this study may not be sufficient to significantly affect the anode
structure or the electrochemical performance, by either blocking
the pores or affecting the electrochemical reaction.

The carbon formation rate can be accelerated by operating at
OCV in dry CH4 at 1073 K. Operation at OCV is a harsh operating
condition for SOFC utilizing direct hydrocarbons as the highest
amount of carbon will be formed under these conditions [33]. In
real situations, SOFC may be operated at OCV or at conditions close
to OCV during start-up and shut-down procedures, very low load,
accidental load throw-off, etc. Normally these conditions are
avoided during cell testing, or the cells are tested at OCV in direct
hydrocarbon only for a very short time (long enough to record
a steady OCV value), in order to avoid damaging the anode
permanently before performing other electrochemical tests [34]. In
this study, the cells were operated at OCV in dry CH4 to better
understand carbon formation on the anodes in the presence of Sn.
ken line) and 5% SnIeNi/YSZ (dotted line) anodes operated at 1073 K for 25 h in (a) dry



Table 1
Rate of change of power density of SOFC with Ni/YSZ, 1% SnIeNi/YSZ and 5% SnIeNi/
YSZ anodes over a period of 10 h from the 15th to 25th h of operation in CH4.

Anode Dry CH4; 10
mA cm�2; 1073
K (mW h�1)

Humidified
CH4; 50 mA cm�2;
1073 K (mW h�1)

Dry CH4; 0.6 V;
1013 K (mW h�1)

Ni/YSZ �1.3 þ16.5 �35.4
1% SnIeNi/YSZ �3.2 þ19.5 �132
5% SnIeNi/YSZ �2.7 þ34.5 �174
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ieV curves were measured 1 h (Fig. 6a) and 25 h (Fig. 6b) after
exposure to dry CH4 under OCV conditions at 1073 K. SOFC with Ni/
YSZ, 1% SnIeNi/YSZ and 5% SnIeNi/YSZ anodes had maximum
power densities of 40, 47 and 36 mW cm�2, respectively, after 1 h
(Fig. 6a) and these values decreased to 35, 33 and 7 mW cm�2 after
25 h (Fig. 6b). The performance of all SOFC degraded (Ni/YSZ < 1%
SnIeNi/YSZ < 5% SnIeNi/YSZ), with the severest degradation
observed for the SOFC with the 5% SnIeNi/YSZ anode. Fig. 7a and
b shows the cross-sectional SEM images of Ni/YSZ and 5% SnIeNi/
YSZ anodes before electrochemical testing. After testing in dry
CH4 under OCV conditions at 1073 K, structural degradation of the
anodes occurred with a significant size reduction of the anode
particles (Fig. 7c and d). Such anode structural degradation was not
observed when the SOFC were operated at 10 mA cm�2 in dry CH4
(Fig. 7e and f) and 50 mA cm�2 in humidified CH4, resulting in good
operational stability (Fig. 4). Also, comparison of the SEM images in
Fig. 7a,b and c,d shows that Sn does not induce any damage to the
anode microstructure. The breakdown of the anode particles under
OCV conditions (Fig. 7c and d) was likely caused bymetal dusting in
which graphite grows into the bulk nickel, disrupts its structure and
converts it to dust [35]. Along with the Ni metal, metal dusting also
caused the breakdown of the YSZ structural backbone and removal
of material from the anode. This structural breakdown caused the
reduction of the anode thickness from w100 to w25 mm (Fig. 8)
after 25 h.

This degradation of the anode resulted in an increase in the
ohmic resistances by 0.09, 0.32 and 10.14 U cm2 for SOFC with Ni/
YSZ, 1% SnIeNi/YSZ and 5% SnIeNi/YSZ anodes, respectively, after
25 h of operation in dry CH4 under OCV conditions at 1073 K. The
increase in ohmic resistance for the SOFC with 5% SnIeNi/YSZ
anodes was high because the metal dusting had affected the elec-
trical contact between the Ag wire and the anode, whereas in the
other two SOFC anodes the electrical contact had not been affected.
The destruction of the anode microstructure also increased the
polarization resistance. Fig. 9 shows the increase in ohmic and
polarization resistance of the SOFC with 5% SnIeNi/YSZ anode on
exposure to dry CH4 at OCV and 1073 K for 25 h. These increases in
ohmic and polarization resistances were responsible for the
performance degradation observed in Fig. 6. The degradation trend
observed under OCV conditions in dry CH4 (Ni/YSZ < 1% SnIeNi/
YSZ < 5% SnIeNi/YSZ) was consistent with the amount of carbon
formed on these anodes (Ni/YSZ< 1% SnIeNi/YSZ< 5% SnIeNi/YSZ)
as shown in Table 2.
Table 2
Amount of carbon formed on SOFC anodes operated for 25 h in CH4 under different ope

Anode Carbon formed (mol carbon mol Ni�1)

OCV; dry CH4; 1073 K 10 mA cm�2; dry CH4; 1073 K

Total Type I (%) Type II (%) Total Type I (%) Type II (%)

Ni/YSZ 2.20 3.2 96.8 0.047 70.8 29.2
1% SnIeNi/YSZ 3.87 3.9 96.1 0.326 12.8 87.2
5% SnIeNi/YSZ 7.05 2.6 97.4 0.331 8.1 91.9
3.3. Carbon formation

The amount and type of carbon accumulated on an anode while
utilizing direct hydrocarbons depends on the operating conditions
including fuel conditions, temperature, current density, and anode
thickness [33,36,37]. In this study, the influence of Sn addition to
Ni/YSZ anodes on carbon formation at different operating condi-
tions was studied. The SOFC were operated at (i) OCV, (ii)
10 mA cm�2 in dry CH4, (iii) 50 mA cm�2 in humidified CH4 at
1073 K and (iv) 0.6 V in dry CH4 at 1013 K for 25 h. Thermody-
namically all operating conditions were within the carbon forma-
tion region [36]. The OCV in dry H2 at 1073 K was between 1.17 and
1.22 V for all the SOFC tested. These voltages correspond to an
oxygen partial pressure of 1.93e0.22 � 10�21 kPa in the anode,
calculated using the Nernst equation for ambient pressure at Cal-
gary, Canada (88 kPa). This low oxygen partial pressure shows that
the quality of sealing was good and consistent. Good sealing is very
important for carbon accumulation analysis as air leakage can
influence the amount and type of carbon accumulated on the
anode. The amount and type of carbon formed on the anodes of
these SOFC were analyzed by TPO. Dedicated cell tests were per-
formed for carbon formation analysis. In these cell tests, initial cell
characterizations were done in dry and humidified H2 and then cell
operationwas started in CH4 at the conditions mentioned above for
25 h. During this operation in CH4, no other electrochemical tests
such as ieV or EIS were performed, as these tests influence the
carbon accumulation results. After operation in CH4, the cells were
cooled down in He and analyzed by TPO.

During TPO analysis, the carbon accumulated on the anode is
oxidized to produce CO2 (Fig. 10), and if hydrogen is present with
the carbon then H2O will also be produced (Fig. 11). The amount of
carbon or hydrogen is calculated from the area under the TPO
peaks. A common feature in all the TPO profiles is the presence of
CO2 peaks and corresponding H2O peaks between 500 and 800 K,
indicating that the carbon that burns off between 500 and 800 K is
associated with hydrogen as CHx fragments. This carbon will be
referred to as Type I carbon. The carbon that burns off between 800
and 1100 K is not associated with hydrogen and will be referred to
as Type II carbon. The terminology Type I and Type II carbon are
based on the terminology used by Finnerty et al. [38] and based on
the temperature range at which the carbon reacts with oxygen
during the TPO analysis.

The low burn-off temperature (500e800 K) of Type I carbon
shows that it is weakly bonded to the Ni/YSZ [33]. In this temper-
ature range, there are two CO2 peaks (Inset of Fig. 10b, and Fig. 10c
and d) for the cells tested under galvanostatic (10, 50 mA cm�2) and
potentiostatic (0.6 V) conditions. Our group [33] has previously
reported multiple CO2 peaks in the 500e825 K range for SOFC
operated at 1, 10 and 50 mA cm�2 in dry CH4 at 1073 K for 6 h. The
carbon that burns off between 500 and 650 K has a H:C ratio of
2.8 � 0.4 and between 650 and 800 K has a H:C ratio of 1.1 � 0.2.
The operating conditions or the presence of Sn did not significantly
influence the amount of Type I carbon. When the anode is exposed
to CH4, the dissociative adsorption (reactions (1) and (2)) of CH4 to
rating conditions.

50 mA cm�2; humidified CH4; 1073 K 0.6 V; dry CH4; 1013 K

Total Type I (%) Type II (%) Total Type I (%) Type II (%)

0.039 75.8 24.2 0.035 81.5 18.5
0.062 81.9 18.1 0.043 54.7 45.3
0.093 61.6 38.3 0.090 39.6 60.4



Fig. 6. Power density (open symbols) and cell voltage (filled symbols) as a function of current density for SOFC with Ni/YSZ (,, -), 1% SnIeNi/YSZ (D, :) and 5% SnIeNi/YSZ
(B, C) anodes in dry CH4 at 1073 K after operation at OCV condition for (a) 1 h and (b) 25 h.
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CHx fragments and monoatomic carbon occurs [5]. The amount of
CHx fragments or Type I carbon present in the anodes after testing
in CH4 appear not to be sensitive to the operating conditions or the
type of anode. The amount of carbon in the 800e1100 K range
(Type II) was, however, a strong function of the operating condi-
tions. The results in Table 2 show that the relative quantity of Type
II carbon decreased as the current density increased. The monoa-
tomic carbon formed by the dissociative adsorption (Eqs. (1) and
(2)) of CH4 may be removed (reactions (4), (5) and reverse of
reaction (6)) or polymerized to form less reactive carbon (Type II)
[5]. The rates of these carbon forming and carbon removal reactions
are dependent on the operating conditions and the anode. Type II
carbon has been shown to be graphitic carbon by XRD analysis [27].
In other studies, the carbon deposited on a Ni/YSZ anode exposed to
a feed of methane at 873 K [39] and 988 K [40] was observed to be
graphitic by in-situ Raman spectroscopy analysis.

SnIeNi/YSZ anodes had higher amounts of carbon than Ni/YSZ
for all four operating conditions tested (Table 2). At OCV conditions,
though dry CH4 is used as fuel, there is a small partial pressure of
Fig. 7. SEM cross-sectional images of freshly prepared (a) Ni/YSZ anode and (b) 5% SnIeN
operation at OCV and 1073 K in dry CH4 for 25 h; (e) and (f) Ni/YSZ and 5% SnIeNi/YSZ an
oxygen (1.93e0.22 � 10�21 kPa) at the anode due to the leakage of
air through the seals, which can remove some of the carbon.
Because the oxygen partial pressure in the anode is small
(<10�21 kPa in all the SOFC tested), the carbon formation rate far
exceeds the carbon removal rate, and carbon accumulation reflects
the decomposition rate of CH4. Under OCV conditions in dry CH4, Sn
does not appear to reduce the CH4 decomposition rate.

Similarly, under other operating conditions, the higher the Sn
content of the anode the more carbon was formed (Table 2). As the
current density was increased, the oxygen content in the anode
increased. In fact, at all operating conditions other than OCV,
sufficient oxygen was supplied (4.17 � 10�3 mol at 10 mA cm�2)
over 25 h to remove all of the carbon that was formed (maximum of
2.35 � 10�3 mol at OCV in 25 h for the SOFC with 5% SnIeNi/YSZ
anode). The accumulation of carbon on Ni/YSZ and SnIeNi/YSZ
anodes indicates that not all the oxygen supplied participated in
the carbon removal reactions (reactions (4), (5) and reverse of
reaction (6)). The tests done at OCV in dry CH4 at 1073 K showed
that addition of Sn did not reduce the carbon formation. At the
i/YSZ anode; (c) and (d) Ni/YSZ anode and 5% SnIeNi/YSZ anodes, respectively, after
odes, respectively, after operation at 10 mA cm�2 and 1073 K in dry CH4 for 25 h.



Fig. 8. SEM cross-sectional images of (a) freshly prepared Ni/YSZ anode, (b) Ni/YSZ anode after operation at OCV and 1073 K in dry CH4 for 25 h showing reduction in anode
thickness due to metal dusting.
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other three operating conditions tested (10 mA cm�2 in dry CH4,
50 mA cm�2 in humidified CH4 and 0.6 V in dry CH4), carbon
removal reactions influenced the amount of carbon accumulated.
At these conditions, it appears that the carbon removal reactions
weremore facile on the Ni/YSZ anodes than the SnIeNi/YSZ anodes,
and the presence of Snmay have impeded the removal of carbon on
Ni.

Impedance analysis was done on the SOFC with Ni/YSZ and 5%
SnIeNi/YSZ anodes after operation at 10mA cm�2 for 25 h at 1073 K
in dry CH4 to understand if there was any difference in the elec-
trochemical reactions occurring at the anodes which would lead to
higher carbon accumulation on the 5% SnIeNi/YSZ anode. The
impedance analysis was done at 10 mA cm�2 with amplitude of
1 mA in dry CH4 at 1073 K. There was no difference in the polari-
zation resistance between the SOFCwith Ni/YSZ and 5% SnIeNi/YSZ
anodes (Fig. 12), and thus, likely no difference in the electro-
chemical oxidation mechanisms between the two anodes.

The rates of the non-electrochemical oxidation reactions
(reaction (5) and reverse of reaction (6)) may be different on the
two types of anodes and thereby influence carbon accumulation.
Gas composition analysis done on electrolyte-supported cells with
Fig. 9. Electrochemical impedance spectra of SOFC with 5% SnIeNi/YSZ anode after
exposure to dry CH4 at OCV for 1 h (,) and 25 h (D) at 1073 K.
a Ni/YSZ anode and a La0.3Sr0.7TiO3 conduction layer operated in
dry CH4 at 1023 K showed that for current densities less than
100mA cm�2, themain electrochemical products were CO and H2O,
whereas the CO2 production was insignificant [41]. Hence for
operating conditions used in the present study, the removal of
carbon by CO2 gasification (reverse of reaction (6)) may not be
significant, and the lower amount of carbon accumulated on the Ni/
YSZ than SnIeNi/YSZ anodes could be due to the better carbon
gasification by steam on the Ni/YSZ anodes (reaction (5)). In
support of this argument, a previous study [5] on the gasification of
carbon by steam has shown that Ni has higher gasification rates
than 1% Sn-doped Ni. The product of gasification, CO, adsorbs more
strongly on Sn-doped Ni than monometallic Ni [42] and may slow
down the gasification rate. The segregation of Sn to the Ni surface
may also reduce the number of Ni gasification sites, further slowing
down the gasification rate and resulting in higher carbon accu-
mulation on the SnIeNi/YSZ anodes.

Previous reports [25e27] showed increased operational
stability of SOFC with Sn-doped Ni/YSZ anodes. The improved
operational stability was attributed to the better carbon tolerance
of Sn-doped Ni/YSZ. In the studies [25e27], anode-supported SOFC
(anode e 1000e1200 mm) were used, whereas electrolyte-
supported SOFC (anode e 100 mm) were used in the present
study. Comparison of results between anodes of different thick-
nesses is complex because a thicker anode provides more area for
non-electrochemical reactions such as cracking and reforming of
hydrocarbons [36]. So the composition of fuel that reaches the
electrochemically active region is different for the anode- and
electrolyte-supported cells [43]. In addition, the Sn may influence
the microstructure, which strongly impacts performance. In our
previous work [44], we showed that incorporation of Sn in the Ni/
YSZ anode before the sintering stage of the fabrication process
increased the shrinkage of the Ni/YSZ anodes by w12% and this
change in microstructure may also influence the operational
stability.

Previous studies [5,28] involving steam reforming processes
have shown that doping Ni with Sn reduces carbon formation. The
comparison between supported Ni catalysts used for steam
reforming and Ni/YSZ anode used in SOFC is not straightforward
because of the difference in Ni particle size and amount. Supported
Ni catalysts used in steam reforming have Ni contents of 15e20wt%
and are comprised of nano-sized Ni particles. Ni/YSZ anodes have
more than 40 wt% Ni and micron-sized Ni and YSZ particles. The



Fig. 10. CO2 production during temperature programmed oxidation of Ni/YSZ (solid line), 1% SnIeNi/YSZ (broken line) and 5% SnIeNi/YSZ (dotted line) anodes after operation at
1073 K for 25 h in (a) dry CH4 at OCV, (b) dry CH4 at 10 mA cm�2, (c) humidified CH4 at 50 mA cm�2 and (d) after operation at 0.6 V and 1013 K in dry CH4 for 25 h.
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particle size of Ni is known to influence the carbon formation with
smaller particles beingmore tolerant to carbon formation [29]. Also
there are differences in the feed compositions between studies
with steam to carbon ratios of 0.3 [5] and 1 [28], compared to the
maximum ratio of 0.03 (for the cells operated in humidified CH4) in
Fig. 11. H2O production during temperature programmed oxidation of Ni/YSZ (solid line), 1
1073 K for 25 h in (a) dry CH4 at OCV, (b) dry CH4 at 10 mA cm�2, (c) humidified CH4 at 5
the present study. Lay et al. [45] have also observed that addition of
1% Sn to Ni/YSZ anodes did not reduce carbon formation at such
low steam to carbon ratios. Hence, the addition of Sn to Ni may not
help improve the carbon tolerance of Ni/YSZ anodes operated at
low steam to carbon ratios.
% SnIeNi/YSZ (broken line) and 5% SnIeNi/YSZ (dotted line) anodes after operation at
0 mA cm�2 and (d) after operation at 0.6 V and 1013 K in dry CH4 for 25 h.



Fig. 12. Electrochemical impedance spectra done at 10 mA cm�2 with 1 mA amplitude
on SOFC with Ni/YSZ (,) and 5% SnIeNi/YSZ (C) anode after operation in dry CH4 at
10 mA cm�2 and 1073 K for 25 h.
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Nikolla et al. [25,28] proposed three mechanisms to explain the
improvement in carbon tolerance of sn-doped Ni catalysts for
steam reforming e Sn atoms displacing low-coordinated Ni atoms
that act as carbon nucleation centers; Sn lowering the adsorption
energy of carbon and CHx fragments on the Ni surface, thereby
reducing the concentration of carbon species on the Ni surface and
reducing the driving force to form carbon deposits; and Sn
increasing the barrier for CeC bond formation, while only slightly
increasing the barrier for CeO bond formation. In the present study,
Fig. 13. SEM cross-sectional images of (a) Ni/YSZ and (b) 5% SnIeNi/YSZ anode reduced in
galvanostatic testing in dry CH4 at 10 mA cm�2 and 1073 K for 25 h, (d) EDX spectra of the
the presence of Sn did not reduce carbon formation when SOFC
were operated at low steam to carbon ratios (<0.03) and high
temperatures. Also, the absence of a significant difference in
adsorbed CHx fragments (Type I carbon) on the Ni/YSZ and SnIeNi/
YSZ anodes (Figs. 10 and 11 and Table 2) suggests that there was no
significant difference in the driving force to form carbon.

Similar to Sn, the carbon tolerance of additives like Au, S and K
have been attributed to their preferential binding to the carbon
nucleation sites of Ni [29]. However, there appears to be only
a small temperature range in which these alloys have improved
carbon tolerance relative to Ni/YSZ. This temperature range is
723e823 K for 1 wt% SneNi/YSZ (see Fig. 3 in Ref. [28]) and
700e923 K for 6.4 wt% AueNi/YSZ (see Fig. 4b in Ref. [22]), when
tested with dry CH4. The results from the present study and other
studies cited above show that additives like Sn and Au may not be
stable at the carbon nucleation sites at high temperature and hence
may not be able to influence the carbon nucleation and growth at
these temperatures (1013 and 1073 K).

The influence of additives like K, Ca, Mn and Sn to Ni/Al2O3 on
dry reforming of CH4 and carbon formationwas studied [46]. In the
case of Ca, Mn and Sn, a dramatic reduction of catalytic activity and
a significant increase in carbon depositionwere observed after 30 h
at 1023 K. The only additive that reduced the carbon formationwas
K. The carbon tolerance in the presence of K was attributed to the
blockage of sites for methane cracking and to the good catalytic
H2 at 1073 K for 2 h, (c) 5% SnIeNi/YSZ anode after testing in H2 for 5 h followed by
full region in (a) and the region inside the squares in (b) and (c).
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activity of K for carbon gasification, which is consistent with our
observation that gasification of carbon plays a significant role in
determining the carbon tolerance of Ni/YSZ anodes.

The above discussion shows the importance of the carbon
removal reactions in improving the carbon tolerance of the Ni/YSZ
anodes. With this perspective, recent work on BaO addition to Ni
looks promising [20]. BaO/Ni interfaces adsorb water and promote
water-mediated carbon removal reactions [20]. Improving the
carbon tolerance of Ni-based anodes by replacing YSZ with oxides
like CeZrO2 [47,48], which supply oxygen more efficiently to the Ni
surface (spillover reaction) for carbon removal reactions, also may
be a promising technique.
3.4. Sn stability

Sn content in 5% SnIeNi/YSZ anodes were measured by EDX
(Fig. 13) before and after electrochemical testing. The EDX analysis
showed that the Sn/Ni wt. ratio decreased from 3.8 � 0.4% to
2.2 � 0.6% after electrochemical testing (5 h in H2 followed by 25 h
in CH4 at 1073 K). A similar observation has been made by Kan et al.
[27] for Sn-doped Ni/YSZ anodes after operation at 1073 K. The
exact mechanism of the loss of Sn during operation at 1073 K is not
clear and the identification of this mechanism is beyond the scope
of this paper. However, the loss of Sn during operation at 1073 K
indicates that under these conditions, it may be very difficult to
retain the Sn in the anode for long durations (>40,000 h) expected
in stack operations.

4. Conclusions

Sn-impregnated Ni/YSZ anodes were fabricated and their elec-
trochemical performance, stability and carbon tolerance were
compared to Ni/YSZ anodes. The electrochemical performance in
H2 and CH4 decreased when the Sn content was increased from 1 to
5%. XPS analysis showed that Sn segregated to the surface of the Ni
particle. This surface segregation may lead to Sn occupying the
electrochemically active Ni sites thereby increasing the polarization
resistance. The operational stability of Ni/YSZ anodes in CH4 was
not significantly influenced by the addition of Sn. The anode
microstructure was also not altered or damaged by the addition of
Sn by impregnation. The presence of Sn did not have a significant
influence on the carbon formation on Ni/YSZ anodes. The higher
amount of carbon accumulated on SnIeNi/YSZ than Ni/YSZ anodes,
however, indicated that the presence of Sn impeded the carbon
removal reactions. Hence, at low steam to carbon ratios (<0.03) and
temperatures (1013 K and 1073 K) used in this study, the addition of
Sn did not improve the carbon tolerance of Ni/YSZ anodes operated
in CH4, and the Sn content in the anode decreased after operation at
1073 K for 30 h.
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