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Sensitivity of nickel cermet anodes to reduction conditions
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Abstract

The direct use of methane as fuel for solid oxide fuel cell (SOFC) without pre-reforming would reduce running costs and enable higher
efficiencies. But methane generally causes carbon deposition on the nickel anode and subsequent power degradation. This paper shows that
carbon deposition from methane is very sensitive to anode reduction conditions. The effect of direct methane on microtubular SOFC reduced
at two different conditions was studied at temperatures above 800◦C. Reducing the cells at high temperature gave good performance on
hydrogen but the current degraded quickly on methane, suggesting that carbon was blocking the nickel surfaces. This was not recoverable
by bringing in hydrogen to replace the methane. Cells reduced under low temperature conditions gave higher current on methane than on
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ydrogen, showing that carbon deposited from the methane improved nickel anode conductivity in this case. These cells also did
n methane under certain conditions but lasted for a long period. Extracting the carbon by feeding the cell with hydrogen interr
ewly formed linkage between the nickel particles, reducing the electrical conductivity, which could be recovered by reintroducing
he conclusion was that nickel cermet anodes are very sensitive to reduction conditions, with low temperature reduction being p
ethane is to be used as the chosen fuel.
2005 Published by Elsevier B.V.
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. Introduction

There has been a lot of recent interest in the direct oper-
tion of solid oxide fuel cells (SOFCs) on methane, which
ormally degrades nickel anodes because of carbon depo-
ition or coking. Usually, this has been solved by internal
eforming, adding large amounts of steam and/or CO2 into
he fuel stream to prevent the carbon formation[1]. Recently,
owever, it has been shown that SOFCs can also work directly
ith pure methane without coking[2], when particular struc-

ures of nickel anodes were formulated. Changing the anode
omposition by adding ceria[3] and operating at higher tem-
eratures[4] were effective in preventing carbon formation.
uch results show that nickel anodes can be used directly on
ethane but the anodes need to be specially formulated in
istinct compositions. In this paper, we show that conven-
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tional nickel/zirconia cermet anodes can be used direct
methane, providing that their morphology has been de
by proper reduction conditions. It appears that the stru
and performance of nickel/zirconia anodes depends to
nificant extent on the reduction conditions.

2. Experimental

Fig. 1 shows the design of microtubular SOFCs u
in the experiments. These cells were based on 5 cm
extruded thin walled yttria stabilised zirconia oxide (YS
tubes with active surface area of 0.5 cm2. The electrolyte
tubes with a diameter of 2 mm were produced with a
thickness of approximately 275�m after extrusion an
drying, shrinking to 225�m after sintering at 1450◦C [5].
Because these tubes had such a small diameter, they
resistant to fracture by heat shock and thermal cyc
[6].
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Fig. 1. Design of a microtubular SOFC[5].

The anode was prepared as a slurry ink by vibromilling
nickel oxide (44 wt.%), 8YSZ (12%), acetone (41.4%) and
KD2 surfactant (2.6%) to form an ink which was injected into
the electrolyte tube with a syringe, dried at 378 K and sintered

at 1573 K for 1 h[7]. A second composition of anode con-
taining more nickel oxide (47%), 3.2% cerium oxide and less
8YSZ (6%) was vibromilled in the same way and deposited
on the first layer to enhance electronic conductivity and to
help match the anode and electrolyte thermal expansion coef-
ficients[8].

To make the cathode, La0.5Sr0.5MnO3 (44%) was mixed
with 8YSZ (12%), acetone (42%) and KD2 surfactant (1.2%)
and vibromilled to form an ink which was painted on the
outside of the electrolyte tube. A second layer containing
58% lanthanum strontium manganite, 40.7% acetone and
1.2% KD2 was vibromilled and deposited on top of the first
layer, dried at 378 K and sintered to 1373 K[7] to improve
electronic conductivity. The overall cross-section of a frac-
tured cell revealed by scanning electron microscopy (SEM)
is shown inFig. 2.

The current collection from the anode was a nickel wire
inserted into the tube to make contact with the anode[5].
To make the positive connection, a silver wire was wound

Fig. 2. SEM cross-section of
Fig. 3. Experimental set-up for m
a microtubular SOFC[5].
easuring fuel cell performance.
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Fig. 4. V–I curves for the SOFC reduced at high temperature. Hydrogen gave good performance which was almost the same as methane at first. But the cell
output degraded after 8 min on methane.

onto the outside of the cathode, with silver paste to increase
electrical contact and catalyze oxygen ionization[4].

The microtubular cell was inserted into the experimen-
tal set-up shown inFig. 3. This was an electrically heated
furnace controlled by a Eurotherm system. The gases were
supplied from cylinders, metered by mass flow controllers,
mixed and then passed to the fuel cell. The exhaust gas was
analysed with a mass spectrometer and the electrical output
after reduction was monitored by a potentiostat. To study the
sensitivity to reduction conditions, two methods of reduction,
high temperature and low temperature, were employed and
the cell performance and anode microstructure were subse-
quently measured.

3. Performance after high temperature reduction

To reduce at high temperature, the SOFC was heated in
air at 20 K min−1 to 850◦C such that the nickel oxide was
not reduced prematurely. Then hydrogen was passed into the
anode compartment at 20 ml min−1 for 20 min to ensure that
all the nickel oxide in the anode was reduced into nickel
metal. The open circuit voltage was 1.120 V. Current was
then drawn from the cell using the potentiostat to plot out
theV–I curve shown as crosses inFig. 4. The current at 0.5 V
was 375 mA corresponding to 750 mA cm−2 and the cell per-
formed steadily as indicated by the crosses inFig. 5 which
shows current output from the cell with time.

F forman irreversible
d

ig. 5. Current output vs. time at 0.5 V. Hydrogen gave steady per
egradation.
ce whereas methane produced a slight early increase followed by
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Fig. 6. Voltage current curves at 825◦C for microtubular SOFCs after low temperature reduction.

Fig. 7. Effect of time on the current reading for hydrogen and methane, for low temperature reduced nickel cermet anode.

After switching the hydrogen off, 4 ml min−1 of methane
was introduced to give theV–I curve shown slightly below the
hydrogen line inFig. 4. The open circuit voltage was slightly
higher at 1.22 V, suggesting carbon formation. This carbon

deposition on the nickel seemed to connect the nickel parti-
cles together because the current was seen to rise slightly over
the first few minutes of methane operation. Subsequently,
degradation to the cell performance was observed, giving the

Fig. 8. Schematic of nickel cermet structure for low temperature reduction: (a) after reduction and (b) after running on methane.
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Fig. 9. Structure of anode when reduced with hydrogen at high temperature and run on methane: (a) after reduction; (b) small amount of carbon improves
connectivity; (c) large amount of carbon blocks the anode.

V–I curve after 8 min as shown inFig. 4. Within 15 min, the
anode was completely blocked and the current was almost
zero. This carbon blockage was not recoverable by the rein-
troduction of hydrogen because no current reading could be
drawn.

4. Performance after low temperature reduction

To reduce the anode at low temperature, the microtubular
SOFC was fed with 20 ml min−1 hydrogen starting at room
temperature and ramped at 20 K min−1 to 850◦C in flow-
ing hydrogen, allowing reduction of the nickel oxide around
300◦C. After reaching 850◦C, the open circuit voltage was
1.12 V as before (Fig. 6, crosses). Current was then drawn
from the cell using the potentiostat to plot out theV–I curve
shown inFig. 4, where the current at 0.5 V was 375 mA.

Potentiostat values were much lower than those obtained
after high temperature reduction. At 0.5 V, the current was
only 100 mA, suggesting that the nickel particles formed
during low temperature reduction were not well connected
within the anode cermet structure. This current remained
steady with time as shown inFig. 7 (crosses). By contrast,
when the hydrogen was switched off and 4 ml min−1 of

methane flowed through the anode, the current began to rise
with time, eventually stabilising at 450 mA, and subsequently
remaining steady for several hours (Fig. 7). In this case, the
hydrogen and methaneV–I curves were similar at first, but
the methane gave much better current after 15 min operation,
suggesting that carbon deposition improved conductivity by
linking the nickel particles together in the cermet anode. In
addition, this carbon was less electrochemically damaging
because it did not block the active sites within the nickel
cermet as time progressed.

It was clear in this case that the nickel cermet anode
reduced at low temperature gave a much better performance
on methane than on hydrogen. Moreover, the methane did
not degrade the anode but instead gave a steady performance
with time over the 30 h duration of the test.

5. Discussion of anode structure

The logical explanation for these results is that under
low temperature hydrogen reduction, the nickel particles are
small and somewhat separated, giving poor power output on
hydrogen, as indicated schematically inFig. 8. Because of
the gaps between the small nickel particles, the electronic

F e carb oved curr
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ig. 10. Fall in current with time when hydrogen was used to remove th
hen methane was reintroduced.
on deposit on low temperature reduced nickel anode followed by imprent
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Fig. 11. TPO results for low temperature reduced cell running on pure methane at 850◦C, 4 ml min−1 [10].

current cannot penetrate the anode, thus producing a higher
resistance. However, when the methane replaces the hydro-
gen, carbon deposits are formed which connect the nickel
particles together and improve current output. The nickel has
a relatively high surface area which is not readily blocked by
carbon deposits.

The structure formed by the normal high temperature
anode reduction process has larger nickel particles with
reduced surface area and much more continuous nickel struc-
ture, as shown by the schematic ofFig. 9, and so improves
only slightly with carbon connections between the nickel
grains, but then becomes blocked with a surface carbon layer
which reduces performance. This structure could in principle
be quantified by SEM.

In order to confirm that carbon was causing the improve-
ment in the low temperature reduced anode, the methane flow
was switched off and hydrogen at 20 ml min−1 brought into
the anode, which was operated at 0.5 V. This produced water
which could react with the carbon to remove it. As the carbon
was removed, the current began to fall, eventually reaching
its original low level after its low temperature reduction, as
shown inFig. 10. Reverting to methane instead of hydrogen
then caused another improvement in current by redepositing
the carbon between the nickel particles, showing that this
structural connection between the deposited carbon and the
nickel anode was reversible.
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oxidation (TPO). A TPO measurement was made after the
cell had been running. The cell was cooled to room tem-
perature under flowing hydrogen. Then oxygen was passed
through the anode while ramping up the cell temperature at
5 K min−1. This caused carbon dioxide to be produced as the
temperature rose to about 500◦C where the carbon began
to react with the oxygen[5]. Measuring the carbon diox-
ide as the ramp continued gave a peak as shown inFig. 11.
The total area under each plot is representative of the vol-
ume of carbon dioxide given from each cell during the TPO
process.

Fig. 11 shows the difference in carbon deposition from
methane as the operating voltage was changed. It was noted
that at 4 ml min−1 of methane flowing down the SOFC anode
tube, the optimum voltage for minimum carbon deposition
was 0.7 V for this particular handmade cell. Each cell had
a measurable optimum voltage value, always somewhere
between 0.5 and 0.7 V running on 4 ml min−1 of methane.
This 0.7 V cell gave only a small amount of carbon after 9 h
of operation as shown by the bottom curve inFig. 11. How-
ever, a similar cell operating at open circuit voltage deposited
at least 20-fold more carbon, as shown by the upper curve
after only 40 min of operation. This suggests that even after
low temperature reduction the nickel anode was sensitive to
carbon deposition from methane under certain conditions of
voltage and flow rate.
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It is known that the electrical performance of a Ni–Y
ermet anode is highly influenced by its morphology suc
riple phase boundary length and Ni grain connection[9]. It
ppears that low temperature reduction increased this
hase boundary length. Improving the Ni connection with
eposition of carbon from the methane on the cermet a

hen improved the electrical performance.

. Measurement of carbon at anode

The amount of carbon deposited on the anode unde
ous conditions was measured by temperature program
. Conclusions

The effect of carbon deposition on nickel cermet ano
as been studied after different reduction conditions.

High temperature reduction gave good performance o
ell on hydrogen, but changing to methane caused rapi
n current as a result of carbon blocking.

Low temperature reduction gave a poor performanc
ydrogen, but the current increased rapidly with meth
nd the cells did not block with carbon at 4 ml min−1 flow
ate at 0.5 V.
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This improvement was shown to be due to carbon link-
ing the nickel anode particles. Reintroduction of hydrogen
removed the carbon and degraded the cell performance,
which could be recovered by reintroduction of methane.

The results of this study show that direct methane opera-
tion of microtubular SOFC with nickel cermet anodes seems
to be possible, providing that the anodes are reduced at low
temperature and the cell is then operated at suitable voltage
and methane flow.
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