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Solid oxide fuel cells (SOFC) can be operated with a variety of fuels. In anode-supported SOFC, these fuels
may decompose or react catalytically in the anode compartment resulting in mixtures that, in most cases,
include high concentrations of H, and CO. In this study, the formation of carbon from CO and H, mixtures
on Ni/YSZ anodes at 1073 K has been investigated using electrochemical and carbon characterization
techniques. More carbon is deposited when Ni/YSZ anodes are exposed to CO/H, mixtures than to pure
CO. Polarization of the anodes reduced the amount of carbon deposited but the extent of the reduction
depended on the gas composition.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFC) have the potential of converting
traditional and alternative fuels to power more efficiently than con-
ventional energy conversion devices. Prospective fuels for SOFC
include natural gas, propane, gasoline, diesel, methanol, ethanol,
and products of the gasification of coal and biomass [1]. SOFC oper-
ate at temperatures between 900 and 1273 K in order for the solid
electrolyte (typically yttria-stabilized zirconia, YSZ) to have suffi-
cient conductivity. At these high temperatures, hydrocarbon and
alcohol fuels may decompose in the gas-phase, react catalytically,
or be reformed by steam in the anode compartment. The products
of these reactions are predominantly hydrogen (H,) and carbon
monoxide (CO) with some other species that depend on the ini-
tial feed. For example, according to thermodynamic calculations, at
1073 K methanol decomposes in the gas-phase to 63% H, and 30%
CO, while ethanol decomposes to 71% H, and 22% CO (the balance in
the gas-phase includes CO,, CH4, and H,O for both methanol and
ethanol) [2]. The steam gasification of coal can produce a stream
that contains 30% H, and 60% CO [3], while biomass gasification
may produce a mixture with 17% H, and 13% CO [4].

These reaction streams can be electrochemically oxidized at the
anode in an SOFC according to Eqgs. (1) and (2) for Hp and CO, respec-
tively.

Hy, + 02— Hy0 + 2e” (1)
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CO + 02> COy+2e (2)

SOFC anodes typically contain nickel, which is a very active
material for the formation of carbon deposits [5,6]. For alkane-
based fuels (e.g., methane, propane, and butane), carbon formation
occurs through reactions (3)-(5). The extent of each reaction and
the type of carbon deposited depends on the temperature and gas
composition. For example, carbon produced by methane decom-
position produces predominantly carbon fibres at temperatures
below 873 K, while at higher temperatures, carbon diffuses through
the nickel particles causing severe swelling [7].

CnHopyp2 =nC + (n+1)H; (3)
2C0 = C + CO, (4)
CO + Hy= C + H,0 (5)

Because carbon formation is a problem for catalytic applica-
tions such as reforming and methanation, and for corrosion of high
temperature systems, this problem has been widely studied on sup-
ported nickel catalysts and nickel foils [5,6,8-18]. In the catalytic
systems, the nickel particles are dispersed on a porous support [9]
and have diameters on a nanometre scale, and the reaction tem-
peratures are typically around or below 873 K. Since carbon fibres
and filaments are formed at these conditions, there is a vast liter-
ature relating carbon formation on nickel with carbon nanotubes
and fibres [9,11,19,20]. Therefore, there is the misconception that
carbon forms fibres or filaments at all conditions.

In corrosion studies, nickel is present as a foil and the exposure
temperature range is broad. The formation of carbon is known as
metal dusting since the carbon disintegrates the metal into powder
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[21]. For other metals susceptible to this type of corrosion, the for-
mation of carbides is a necessary step in the process [21]. This step
is only relevant for nickel at low temperatures because nickel car-
bide decomposes in the region of 573-723 K [13]. Carbon on nickel
forms graphite directly at higher temperatures, causing metal dust-
ing. The nickel becomes dust due to the presence of graphite inside
the metal structure, which forms as the carbon diffuses through the
nickel [17].

More recently, carbon deposition has become a research area
for SOFC fuelled by hydrocarbons [7,9,22-29]. For SOFC anodes,
however, the system is different from corrosion and conventional
heterogeneous catalysis. First, the nickel is part of a composite (i.e.,
Ni/YSZ) and the nickel particles have diameters on the order of
microns. Also, the temperature is higher in SOFC and the concentra-
tion profiles within the anode compartment are different from that
in a plug flow reactor because the entrance path for the feed is the
same (but in the opposite direction) as the exit path for the prod-
ucts in the anode. There are different strategies to prevent carbon
formation in SOFC. Often the feed contains steam to reduce carbon
formation but this approach has the disadvantage of reducing the
fuel cell electromotive force since water is the product of hydrogen
oxidation. Other strategies include the use of materials that reduce
the tendency of nickel to produce carbon [30], changing the geome-
try of the anode with barriers [31] or with bi-layers, and completely
replacing the nickel [32,33]. As of yet, these solutions have not pro-
duced anodes with comparable properties to Ni/YSZ (activity, ease
of manufacture, cost, etc.).

Given the interest in operating SOFC on a variety of fuels, which
may consist of mainly CO and H; either originally or after gas-
phase and/or catalytic reactions in the anode compartment, we
have examined the formation of carbon on Ni/YSZ anodes exposed
to Hy and CO mixtures at 1073 K. The electrochemical perfor-
mance of electrolyte-supported button cells before, during and
after exposure to various feeds was determined using electro-
chemical impedance spectroscopy and cyclic voltammetry. Any
carbon formed on the anodes was characterized with temperature-
programmed oxidation and the morphology of the anodes was
observed with scanning electron microscopy. Differences in the
behaviour of the anodes at open circuit potential (OCP) and under
polarization were also investigated.

2. Experimental
2.1. Cell preparation and setup

Ni/YSZ anodes were prepared by ball milling equal masses of NiO
powder (Alfa Aesar) and YSZ (Tosoh, TZ-8Y) in ethanol for 48 h. The
dried powder was then mixed with terpineol (Alfa Aesar) to form
a slurry that was painted on the electrolyte and sintered at 1623 K
for 2h. YSZ electrolytes were prepared by pressing YSZ powder
into disks and sintering at 1173 K for 4 h. The final thickness of the
disks was ~0.5 mm, with an anode thickness of ~25.0 pwm. Platinum
was used for the cathode and reference electrodes, which were
placed on the opposite side of the electrolyte from the anode. Silver
loops were used as current collectors. The cell was fixed to the cell
holder with glass paste (ESL 4460, The Hydrogen Company, USA)
as described in detail elsewhere [29]. The NiO anode was reduced
at 1073 K with a stream of 10% H, in He for 1 h.

2.2. Electrochemical testing

The anodes were exposed to various CO/H, mixtures in ratios of
0/100, 25/75, 50/50, 75/25, and 100/0 (50 mL min~! total flow rate)
for 6 h, with a fixed current density of 0 (OCP) or 10 mA cm~2 (under
polarization). The current density used was very low because the

purpose of this study was to evaluate the effect of polarization
in a relatively constant bulk gas-phase composition. Testing was
performed at a fixed temperature of 1073 K and at atmospheric
pressure. All experiments were performed using new cell assem-
blies and, therefore, some variation of the cell performance is
expected due to changes in the microstructure of the electrodes.
The OCP with dry H, was measured at the beginning of each exper-
iment and then the cells were characterized electrochemically
with H, before testing with the CO/H, mixtures (1287 Potentio-
stat+1260 FRA, Solartron Analytical, U.K.). At the beginning (t=0),
in the middle (t=3 h) and at the end (t=6h) of the exposure to the
CO/H; mixtures, the cell performance was measured using cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS). For the CV measurements, the scan rate was 10mVs~! and
the overpotential range was 0-0.5V. EIS was performed at O bias,
10mV of amplitude and the frequency range was 106 to 10~2 Hz.
After testing, the gas was switched to He and the system cooled.
Once at room temperature, the cell was removed from the holder
for the characterization of any carbon deposits.

2.3. Characterization

To quantify the amount of carbon deposited on the anodes,
temperature-programmed oxidation (TPO) experiments were per-
formed after testing the cells with the CO/H, mixtures. For the TPO
experiments, a stream of 10% O, in He (50 mLmin~!) was passed
over the sample while the temperature was increased from room
temperature to 1173 Kat 10 Kmin~'. The effluent gas was analyzed
using a mass spectrometer (Cirrus 200 Quadrupole), and masses 44
(CO3), 32 (0y), 28 (CO), 18 (H,0), and 4 (He) were monitored. The
CO, signal was calibrated so that the TPO peak area could be con-
verted to the amount of carbon deposited. To study the morphology
of the carbon deposited on the anodes, the samples were broken
and the cross-sections were observed with a scanning electron
microscope (Philips XL30 ESEM). The samples were gold-coated to
prevent charging.

3. Results and discussion
3.1. Electrochemical testing

The OCP in dry H, varied between 1.16 and 1.25V for the cells,
which corresponds to H,O concentrations between 1% and 0.1%
approximately. Considering that all the conditions (temperature,
pressure, gas composition, flow rate, etc.) were the same, this dif-
ference in potential is likely due to minor changes in microstructure
and/or leaks in the cells.In all cases, the leaks were sufficiently small
to not affect the results presented. Fig. 1 shows the EIS results for
the cells exposed to different CO/H, ratios at OCP and under polar-
ization, after 0, 3 and 6 h. For all CO/H, mixtures, the spectra are
composed of one arc with, in some cases, a tail at low frequencies.
The tail or other artefacts at low frequencies show that the system
was not completely stable during the measurements [34,35]. The
instability may be caused by changes at the anode surface due to
coking or adsorption of other species over the duration of the exper-
iment and, thus, are visible at the lower frequency. In comparison,
for dry H,, the spectra are composed of two semicircles (Fig. 1i),
while for humidified H,, the low frequency arc nearly disappeared
and the high frequency arc size decreased (Fig. 1j). The Rs and Rp
values are summarized in Table 1.

At t=0, the impedance should be identical for the same gas mix-
ture, whether or not the cell was under polarization. In our results,
there is some variation in the initial impedances (Fig. 1 and Table 1).
There is no trend for samples at OCP versus under polarization and,
thus, these variations are most likely due to preparation variability,
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Fig. 1. EIS of Ni/YSZ anodes exposed to different CO/H, ratios, after 0h (®),3h (0) and 6 h (¢), at OCP (a, ¢, e, g, i), under polarization (b, d, f, and h), and humidified hydrogen

at OCP (j).

which may have influenced the properties of the cells (e.g., length
of the triple phase boundary).

With time, there is an increase in the polarization resistance (Rp)
for all cells and this increase is greater at OCP than under polariza-
tion (Fig. 1). The cells exposed to dry or humidified H, at OCP had
relatively stable performance over 6h (Fig. 1i and j). The relative
change in Rp of the other cells was highly dependent on the gas-
phase composition and the presence of an applied current. At OCP,
the impendence of the cell exposed to 100% CO increased less over

6 h than that of the cells exposed to 75/25 and 50/50 mixtures of CO
and H; but more than the cell exposed to a 25/75 mixture of CO and
H,.The largest deactivation occurred for the cell exposed to a 75/25
mixture of CO and H, at OCP (Fig. 1¢) in which Rp increased from
11.3Qcm? to 68.8 2cm? at 3h and 292 Q cm? at 6h. In contrast,
with the same gas mixture (75/25 CO/H;) but with polarization,
Rp increased much less—from 8.39 2 cm? to 16.7 Q2 cm? at 3h and
22.8 Qcm? at 6h (Fig. 1d). With a higher concentration of H; in
the gas-phase (i.e., 50/50 CO/H,, Fig. 1e and f), the trends were
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Table 1
Summary of electrochemical results.
Gas composition Current density Voltage (V) Rs (2 cm?) Rp (22 cm?) Peak frequency (Hz)
(%CO/%H,) (mAcm—2)
t=0 t=3h t=6h t=0 t=3h t=6h t=0 t=3h t=6h
100/0 0 1.10-1.06 0.48 0.44 0.46 7.2 13 19 10.00 3.162 2.512
75/25 0 1.14-1.13 1.2 1.5 1.2 11 69 290 25.11 19.95 10.00
50/50 0 1.21-1.18 0.68 0.82 1.2 3.5 23 76 31.62 7.943 5.012
25/75 0 1.17 0.52 0.51 0.31 3.9 6.7 7.9 25.11 15.84 10.00
0/100 0 1.22-1.23 0.66 0.71 0.73 5.1 5.6 5.7 19.95 19.95 19.95
0/97 (3%H,0) 0 1.09 0.72 0.76 0.78 13 14 14 125.9 125.9 125.9
100/0 10 0.95-0.85 0.93 0.91 0.98 8.7 9.6 10 25.11 15.84 15.84
75/25 10 1.08-1.04 0.70 0.60 0.64 8.5 16.7 23 15.84 10.00 6.310
50/50 10 1.10-1.08 0.56 0.48 0.48 4.6 9.1 8.7 19.95 7.943 10.00
25/75 10 1.12-1.11 0.63 0.60 0.59 49 7.2 8.7 25.11 12.58 10.00

similar but the increase in Rp with time was less. Interestingly, the
impedance spectra were similar for the cells exposed to a 25/75 CO
and H; mixture at OCP and under polarization (Fig. 1g and h).

The cyclic voltammograms (CVs) measured initially and after
6 h for the cells exposed to 100% CO and 50%CO-50%H- at OCP and
under polarization are shown in Fig. 2. For each CV, two cycles were
measured (each labelled 1 and 2, respectively, in Fig. 2). In the cases
where only one CV is visible, the two CVs overlap. Comparing the
CVs for 100% CO at OCP at t=0h and t = 6 h (Fig. 2a), with time there
is a decrease in the slope at low overpotentials, i.e., close to OCP
conditions, which might be due to a reduction in the number of
active sites due to the deposition of carbon. At high overpotentials,
however, the slope increases with time, which is a consequence of
areduction of the ohmic resistance of the cell and suggests that car-
bon improved the conductivity of the anodes. In the second scan of
the CV at t=6h, the slope at high overpotentials decreases, which
can be explained by the reaction of oxygen ions with the deposited
carbon returning the material to its initial conductivity. For the
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anode exposed to 100% CO under polarization (Fig. 2b), the CVs only
show deactivation in the low overpotential region (up to ~0.15V).
For comparison, the maximum current density obtained in H, was
0.42Acm2.

After exposure to 50%C0O-50%H; at OCP (Fig. 2c), there is signif-
icantly more deactivation with time over the entire overpotential
range scanned than for the anodes exposed to 100% CO. Under
polarization (Fig. 2d), however, the behaviour of the anode was
similar to that of the CVs in Fig. 2a, except that during the second
cycle at t=6h there is no loss of conductivity. That is, the slope at
high overpotentials did not decrease on the second cycle. Since in
this case there is H, present, the oxygen ions likely preferentially
reacted with H; rather than with the deposited carbon so there was
no change in the conductivity after the first CV cycle.

As seen by the impedance results in Table 1 and the CVs in
Fig. 2, the presence of carbon on the anode could either increase
or decrease the electrochemical performance of the cell depend-
ing on the overpotential. Often the polarization resistance (Rp)
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Fig. 2. CVs of Ni/YSZ anodes after 0 h (black, dashed line) and 6 h (gray dotted line), exposed to 100% CO at OCP (a) and under polarization (b), and 50% CO-50% H, at OCP (c)

and under polarization (d).
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increased while the slope at low overpotentials decreased, which is
consistent with carbon blocking active sites on the nickel surface.
In some cases, however, the cell resistance (Rs) decreased while the
slope at high overpotentials increased possibly because the carbon
deposits, which are good electron conductors, improved the overall
electronic conductivity of the anode.

Weber et al. have reported similar initial cell performances with
dry Hy, CO and methane on electrolyte-supported Ni/YSZ anodes at
1223 K[36]. Matsuzaki and Yasuda [37] reported that the rate of the
electrochemical oxidation of H; is 1.9-2.3 times higher than that
of CO at 1023 K as measured in 20% H,0-80% H, and 25% CO,-75%
CO.Theresults reported here are generally in agreement with these
results [36,37]. Specifically, for dry hydrogen the impedance was
almost the same as for CO, but the polarization resistance in humid-
ified hydrogen was significantly smaller (Table 1 and Fig. 1). Also
there was more deactivation for the anodes exposed to CO and H,
mixtures (Table 1 and Figs. 1 and 2).

3.2. Carbon deposit characterization

After the anodes were exposed to the CO/H, mixtures, the
samples were analyzed with temperature-programmed oxidation
(TPO) to characterize any deposited carbon. The TPO profiles for the
samples operated at OCP are shown in Fig. 3. In all cases, the pro-
files had single peaks with maximums between 820 and 920 K. CO,
was the only gas-phase product—no water was evolved from the
samples-and, therefore, the deposits consisted of completely dehy-
drogenated carbon. For the three CO/H; mixtures employed in this
work, the amount of carbon decreased with increasing hydrogen
content, as seen in Fig. 3 and Table 2, while pure CO did not fol-
low this trend. A reduction of more than one order of magnitude in
the carbon deposited is achieved by reducing the amount of hydro-
gen from 25% to 0% in the CO stream. From these results, there is a
maximum of carbon deposition between the CO/H, ratios of 75/25
and 100/0. The leading edges of the peaks overlap, suggesting that
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Table 2
Summary of TPO results.

Gas composition

Current density

Deposited carbon

(%CO/%H3) (mAcm~2) (Cmol Nimol 1)
100/0 0 0.23

75/25 0 3.6

50/50 0 2.0

25/75 0 1.0

100/0 10 0

75/25 10 2.2

50/50 10 16

25/75 10 0.88

the type of carbon deposited was the same when the anodes were
exposed to CO/H, mixtures.

In Fig. 4, the TPO results presented in Fig. 3 (OCP conditions)
are compared with the corresponding TPO profiles for the anodes
tested under polarization. In all cases, there is a decrease in the
amount of carbon deposited with polarization but the impact of
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Fig. 4. TPO analysis of Ni/YSZ anodes exposed to: (a) 100% CO, (b) 75% CO-25% H3, (c) 50% CO-50% H, and (d) 25% CO-75% H, for 6 h at 1073 K at OCP (solid line) and under

polarization (dashed line).
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Fig.5. SEM images of Ni/YSZ anodes exposed to 100% H; at OCP (a), 25% CO-75% H, at OCP (b), 75% CO-25% H; at OCP (c), 100% CO at OCP (d), 25% CO-75% H, with 10 mA cm—2

(e), and 75% CO-25% H, with 10mA cm2 (f).

polarization depends on the gas composition: the higher the CO
content, the greater the decrease in carbon formation with polar-
ization. In fact, there was essentially no carbon formation on the
anode exposed to 100% CO for 6 h with 10 mA cm~2, which is con-
sistent with a steady polarization resistance over time (Fig. 1b).
Obviously in this situation, electrochemically formed water was not
removing the carbon because no hydrogen was present. In com-
parison, for the anode exposed to the mixture of 25%C0O-75%H,
(Fig. 4d), there was only a 12% reduction in the amount of carbon
deposited. The anodes exposed to the other two gas compositions,
50%C0O-50%H; and 75%C0O-25%H,, decreased their carbon deposits
by 20% and 39%, respectively. These decreases are consistent with
the corresponding changes in the polarization resistances (Fig. 1
and Table 1). There was little change in the peak positions indi-
cating that the type of carbon formed under polarization did not
change from that formed at OCP.

The SEM images of anodes exposed to H,/CO mixtures are
shown in Fig. 5. The image of the anode exposed to H, (Fig. 5a)
is identical to the image of an as-prepared sample and the anode
exposed to 100% CO under polarization. Thus, any changes to the
morphologies of the other anodes were due to carbon deposition.
The Ni/YSZ anodes had a relatively homogeneous structure in terms
of particle size and porosity as seen in Fig. 5a. After exposure to
CO or CO/H;, mixtures at OCP, the anodes have reduced porosities
(Fig. 5b—d). In all cases, the carbon has dissolved into and swollen
the Ni particles. The anode exposed to 25%C0-75%H, under polar-
ization (Fig. 5e) does not appear to be that different from the anode
exposed to the same gas mixture at OCP (Fig. 5b), which is consis-
tent with similar amounts of carbon being deposited on the anodes
in each case (Fig. 4d).

There was a larger difference in the amount of carbon deposited
for the anodes exposed to 75%C0-25%H, with and without polar-

ization (Fig. 4b) but the SEM images (Fig. 5c and f, respectively)
are similar. On a larger scale (Fig. 6), however, the samples
are very different. While the anode under polarization remained
intact (Fig. 6a), the anode exposed to 75%CO-25%H, at OCP

Fig. 6. SEM images of Ni/YSZ anodes exposed to 75% CO-25% H,: (a) with
10mA cm~2 and (b) at OCP.
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delaminated from the electrolyte, which is consistent with the
significant increase in the polarization resistance (Fig. 1c). This
sample did not break cleanly, when exposing the cross-section,
like the other samples but rather fell apart when handled. The
deposited carbon obviously destroyed the structure of the Ni/YSZ
anode.

3.3. Discussion

Although the amount of carbon deposited on the anodes was
not large at the conditions of this study (Figs. 3 and 4), it was suf-
ficient to hinder the electrochemical performance (Figs. 1 and 2),
and in one case (75%C0-25%H, at OCP) resulted in the delamina-
tion of the cell (Fig. 5). As mentioned, the Ni/YSZ structure was
very fragile after exposure to 75%C0-25%H; compared to the other
anodes. Work done by Chun et al. [28] compared the morphol-
ogy of carbon deposited on Ni foils with CO/H, ratios of 25 and
1. They suggested that for high concentrations of CO there is a loss
of Ni content due to intercalation with surface graphite; while for
a CO/H, ratio of one there is also the diffusion of carbon into the
bulk of the nickel causing the expansion of the material as graphite
precipitates in the bulk of the nickel, and the material bursts and
disintegrates [28]. Nolan et al. proposed that CO would form “closed
forms” of carbon structures, like shells and nanotubes, while CO/H,
mixtures would form “open forms” like filaments [38-40] at tem-
peratures between 673 and 773 K. The open forms of carbon
can continue to grow indefinitely as the catalytic site is always
accessible.

From the SEM images in this study, it appears that the carbon
may have diffused into the nickel particles resulting in swelling and
a subsequent reduction in the porosity of the anode. Changes in the
surface morphology of the particles can be interpreted as blocking
of active sites by the carbon deposits. Carbon may be formed from
the disproportionation reaction (Eq. (4)) or CO reduction (Eq. (5)).
It was surprising that more carbon was deposited from the CO/H,
mixtures than from pure CO. In the metal dusting literature, CO
reduction has been suggested to be a more important reaction
than CO disproportionation, in terms of carbon deposition pro-
cesses on transition metals at intermediate to high temperatures
(673-1073K) [41]. At 953 K, CO reduction and CO disproportiona-
tion are kinetically limited from reaching equilibrium but the rate
constant for the former reaction is 10 times higher than for the
latter reaction—k=0.73mgcm~2atm=2h-! for reduction versus
k=0.06 mgcm—2atm~2h-! for disproportionation over a Ni foil
[18].

The mechanism of carbon formation from CO/H, mixtures is not
fully understood but may be related to reverse gasification pro-
cesses [41], hydrogen removing the adsorbed oxygen species to
free up surface sites, and/or hydrogen assisting the decomposition
of CO [42]. Theoretical calculations [43] suggest that addition of
atomic hydrogen to adsorbed CO, forming a formyl intermediate,
is a first elementary step preceding that of breaking the C-O bond
in Fischer-Tropsch synthesis; the H-assisted CO dissociation route
is more facile than the direct C-O bond scission in adsorbed CO.
This mechanism would be consistent with the results obtained in
this study (Figs. 3 and 4) in which significantly more carbon was
deposited on the Ni/YSZ exposed to CO/H, mixtures than to pure
Co.

When the cells were operated under an applied potential, less
carbon was formed, and in the case of a pure CO feed, no carbon
was formed. This result has the practical application of potentially
being able to operate a SOFC directly on a CO feed, although there
may still be carbon formation in the conduction layer of an anode-
supported cell. In this study, the anode thickness was ~25 pm and
so most of the Ni was in the functional layer and participating in
the electrochemical reaction. As no hydrogen was present, the lack

of carbon formation under an applied potential was not a result of
water production at the anode.

The electrochemical oxidation of hydrogen is faster than the
electrochemical oxidation of CO [37], and the rates of these reac-
tions depend on the partial pressure of the reactants. Hence, for the
case where there is a high partial pressure of hydrogen it would be
expected that the oxidation of hydrogen would take place prefer-
entially over the oxidation of CO. The formation of water could have
removed some of the deposited carbon, although the production of
water was small because of the low current density (10 mA cm~2)
used. The results, however, indicate that the presence of water had
essentially no effect because applied potential had less effect on car-
bon deposition as the concentration of H, in the feed was increased
(Fig. 3). If water was a factor in reducing carbon deposition, the
opposite trend would have been observed.

In comparison with previous TPO experiments on anodes
exposed to methane at the same current density [29], polariza-
tion had a much greater effect on reducing carbon deposition
for methane. Specifically, for anodes exposed to methane, TPO
peak temperatures were shifted lower by approximately 200 K, the
amount of carbon deposited was decreased by an order of mag-
nitude, and the carbon deposits contained some hydrogen (that
is, an H,O peak accompanied the CO, peak in the TPO analysis)
with the addition of polarization. These results are consistent with
the electrochemical reactions impacting the last dehydrogenation
step of adsorbed methane. The mechanism of carbon formation and
removal is clearly different for methane than for CO/H, mixtures
and will be investigated in more detail in future experiments.

4. Conclusions

The behaviour of electrolyte-supported Ni/YSZ anodes exposed
to CO/H, mixtures at 1073 K and OCP or with a current density of
10mAcm~2 has been investigated in this study. In general, car-
bon formation occurred over time and deactivated the anodes
by increasing the polarization resistance, reducing porosity and
blocking active sites. In the worst case, an anode exposed to
75%-25% CO[H, at OCP delaminated after 6 h of operation. In the
best case, an anode exposed to 100% CO with a current density
of 10mAcm~2 had stable performance with no carbon forma-
tion over 6h. Although it was expected that the presence of H;
would reduce the amount of carbon formation, there was actu-
ally more carbon deposited on the anodes exposed at OCP to the
feeds containing CO/H, mixtures (in the ratios of 75/25, 50/50 and
25/75) than to pure CO. Polarization reduced the amount of carbon
formation—completely for a feed of 100% CO and between 12% and
39% for the CO/H, mixtures.
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