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Abstract

As one of the key technologies in the development of a direct internal-reforming solid oxide fuel cell, catalytic activity and stability of a
Ni—YSZ—-CeO, anode on a zirconia electrolyte for the steam reforming of methane was investigated by experiments using a differential fuel
cell reactor. The effects of the partial pressure of CHy, H,O and H,, and temperature as well as the electrochemical oxidation on the
catalytic activity were analyzed. It was found that the catalytic activity of the Ni-YSZ-CeO, anode was higher than that of the Ni-YSZ
reported especially at low temperature. A deterioration of the catalytic activity of the anode was observed at low Py, and high Py,o
atmosphere, and also at high current densities. This might be caused by the oxidation of the Ni surface by H,O in the reaction gas and that
produced by the anodic reaction. A rate equation for a fractional function for the steam reforming on open circuit was also proposed.

© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) operated at high tempera-
tures over 1000 K are attractive power generation processes
that convert the chemical energy of fuel to electricity
efficiently without the restriction of Carnot’s law. In addition
to the high efficiency of the SOFC itself, a combined system
of the SOFC with other power generation processes has been
expected to be one of the most efficient power generation
systems.

In a conventional fuel cell system, hydrogen as the
preferred fuel is usually produced in an external reformer
by the steam reforming of hydrocarbons such as methane or
natural gas. Because the reforming reaction is endothermic
which takes place at a high temperature over 800 K, the
necessary heat can be supplied by combustion of a part of the
fuel. On the other hand, heat discharged from the electrode
of the SOFC is high enough in temperature to be supplied for
the steam reforming. The reforming may then occur in the
SOFC internally without the addition of any external refor-
mer. Therefore, this type of SOFC, an internal-reforming
SOFC (IR-SOFC), saves the energy of the fuel which might
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have been consumed in the external reformer and enables the
energy conversion efficiency of its combined system be
extremely high. Some calculations [1-3] revealed that a
combined system of an IR-SOFC with a gas turbine or both
gas and steam turbines would provide a power generation
efficiency of over 65%.

In a direct IR-SOFC, steam reforming of methane takes
place directly over the anode, thus anode material must be a
suitable catalyst for the steam reforming. Regarding the
advances in catalysts for the direct IR-SOFC, a recent review
[4] may provide useful information. Ni—-YSZ cermet, which
is a conventional anode material, is a good catalyst for the
steam reforming under appropriate conditions [5—11]. When
the molar ratio of steam to methane in the reaction gas, S/C,
is smaller than a certain value, carbon deposition occurs on
the anode [12], and this may cause blocking of the pores in
the porous electrode. To prevent the anode from carbon
deposition, an addition of CeO, to the Ni-YSZ cermet can
be effective [7,13]. When the partial pressure of hydrogen in
the fuel is too small, the catalytic activity of the anode
rapidly deteriorates [14]. This may be due to the oxidation of
Ni in the relatively weak reducing atmosphere and at
high temperature. This also suggests that the deterioration
may be caused by high current-density operation because
H,0 is produced at the anode/electrolyte interface by the
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electrochemical oxidation of hydrogen, which cannot be
ignored because high current-density operation, over 0.3 A/
cm?, might be carried out in a practical SOFC.

For the direct IR-SOFC, it is important to investigate the
catalytic activity of the actual anode, usually porous layer of
Ni-composite coated on a zirconia electrolyte, not only on
open circuit but also under closed circuit conditions. How-
ever, only a few reports dealt with the steam reforming over
the anode in an actual SOFC. Then the catalytic activity of
the actual anode under various conditions, like under current
discharging, has not been made clear yet. To study the
catalytic activity in detail, it is desirable to use a differential
fuel cell reactor, through which reaction conversion is small.

In this paper, by introducing a gas mixture of methane and
steam to a SOFC reactor directly, effect of gas compositions,
temperature and the electrochemical oxidation by current
discharging on the catalytic activity was investigated under
the conditions where the reactor was operated as a differ-
ential reactor. The electrode material employed was Ni—
YSZ—CeO, which may be a promising anode material for
the direct IR-SOFC.

2. Experimental

The anode material used was Ni—YSZ (yttria-stabilized
zirconia)-CeO,, which was expected to enhance the reform-
ing activity and stability with respect to carbon deposition
[7,13]. In the preparation of the anode material, NiO powder,
YSZ powder (TOSO, TZ-8Y (ZrOj)p.02 (Y203)0.08) and
CeO, powder (Wako Chem. Co. Ltd.) were weighed in a
volumetric ratio of Ni:YSZ:CeO, equal to 50.0:37.8:12.2
and were ground using a high-speed vibrating mill (TI-100,
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Iwaki Factory). The volumetric ratio was determined from
the previous studies of the Ni—YSZ anode [15] and the
conductivity of the ZrO,—CeO,-Y,05; system [16]. The
mixture was heated at 1673 K for 4 h in air and then ground
again then resulted in the average particle size of 0.5 pm.
The mixed powder was suspended in turpentine oil and
coated in the shape of rectangle, 5 mmx 10 mm, on the
surface of a solid electrolyte disk of 25 mm diameter and
200 pm thickness. The amount of the coated mixed-powder
was 0.044 g/cm? with the electrode thickness about 110 pm.
The solid electrolyte was 3 mol% yttria-doped zirconia. The
coated disk was then baked at 1673 K for 4 h in air so that the
coated layer became a porous coating used for the Ni-YSZ~
CeO, anode. On another surface, Pt paste was coated and
baked at 1273 K for 1 h and used as the cathode. A small Pt
electrode was also placed at the periphery and used as the
reference electrode.

The cell was placed in the high-temperature fuel cell setup
shown in Fig. 1, and the configuration of the gas inlet tubes
and the cell is shown in Fig. 2. A gas mixture of CH4,—H,0—
H,—-N, and air were vertically blown to the surface of the
anode layer and the Pt cathode, respectively. The distance
between the top of the gas inlet tube and the anode layer was
set at about 5 mm. Since a small part of reactant gas may not
contact with the electrode, a little reduced reaction-rate may
be obtained from this type of reactor. However, dependen-
cies of gas composition, temperature and current flow on the
catalytic activity can be evaluated adequately under appro-
priate gas flow rates.

The feed rate of steam was controlled by a water feeding-
pump connected to the steam generator. Gas components of
CH,4, H,, N,, CO and CO, at the inlet and the outlet were
analyzed by gas chromatography. From the change in the gas

Thermo-
Out couple Air

Mullitetu*

Hz

Air
Pump
Qut
Electric
heater
Gauge
Val 4-way ball
CH4 . valve Lead——
Lead
Gas sampling
N2z Steam generator

Pump

N2

-a— Mullite tube |
Glass cap f

Gas sampling

Out

Cold trap

Fig. 1. Experimental setup of the internal steam-reforming fuel cell.
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Fig. 2. Geometry of the gas inlet tubes and the electrodes in the
differential fuel cell reactor.

compositions between the inlet and the outlet, the produc-
tion rate was calculated for CO, CO, and H, based on the gas
flow rate and the apparent surface area of the anode:

F(Xout,i - Xin,o)
rh=—
A
where r; (mol/(m? s)) is the rate of the i species, F (mol/s) the
gas flow rate, x; the molar fraction of i and A (m?) is the
apparent surface area of the anode.
On the other hand, the rate of steam reforming, i.e. the rate
of methane consumption, was calculated from the sum of
rco and VCOZ.

6]

ren, = —(rco + rco,) ()

The conversion of CH, was at most 15%, and as shown in
Figs. 11 and 12, the magnitude of rco, was much smaller
compared to that of rco suggesting that the water—gas shift
reaction was negligible in this experiment.

The measurement of the reaction rates was conducted in
the temperature range 973—1273 K and with a ratio of steam
to carbon between 2 and 7. The anode potential on open
circuit and the potential-current relationship on closed
circuit were also measured in the usual way during the
steam reforming over the anode.

3. Results and discussion

3.1. Effect of gas flow rate on the reforming rate

Fig. 3 shows effect of gas flow rate on the rate of steam
reforming. As mentioned below, the catalytic activity of the
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Fig. 3. Effect of gas flow rate on the reaction of steam reforming for the
differential fuel cell reactor.

anode gradually deteriorated at low partial pressures of
hydrogen. The data shown in the figure were obtained at
the initial activity that the deterioration was negligibly
small. When the gas flow rate was below 12 mol/(s m*-
electrode), the reforming rate increased with increasing the
gas flow rate suggesting that the mass transfer between the
bulk gas and the anode surface is the rate determining. On
the other hand, the reforming rate was almost constant in the
range where the gas flow rate was over this value. In this
range, the following experiments were conducted.

3.2. The rate of steam reforming of methane on open
circuit

When the partial pressure of hydrogen in the reaction gas
was below 5 kPa, the catalytic activity of the anode declined
with time of exposure of the layer to the gas, which resulted
in a drop in the reaction rate of the steam reforming. This
may be caused by the oxidation of the Ni surface by steam at
a lower pressure of hydrogen, because reaction rate was
found restoring to the initial state by exposing the anode to
hydrogen for a while. This suggests that a small amount of
hydrogen should be included in the reaction gas to make the
atmosphere reductive and keep the catalytic activity con-
stantly high. In a practical case, a recycle of a small part of
gas, from the outlet of the anode to its inlet, may be needed
for the direct IR-SOFC system.

Thereafter, the experiments were conducted using a reac-
tion gas with hydrogen at over 10 kPa. Fig. 4 shows the
effect of the partial pressure of hydrogen on rcy, The rate
was not influenced by the partial pressure of hydrogen in this
range.

Fig. 5 shows the effect of the partial pressure of CHy,
Pcy,, on the rate of steam reforming on open circuit and at
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Fig. 4. Effect of partial pressure of hydrogen on the rate of the steam
reforming when the partial pressure of hydrogen was over 10 kPa.

1073 K. It was found that the reaction rate increased with
increasing Pcy, The dependency of Pcy, on Rcy, was nearly
first order of Pcy, at low Pcy,, whereas, it became smaller
with increasing Pcy,.

Figs. 6 and 7 show the effect of the partial pressure of
H,0, Py,0, on rcy, at 1073 and 1273 K, respectively. The
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Fig. 5. Effect of partial pressure of methane on the rate of the steam
reforming obtained at 1073 K.
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Fig. 6. Effect of partial pressure of steam on the rate of the steam
reforming of methane obtained at 1073 K.

; r .
0.7 [ | key | PcHa P2:30kPa
06 [ O] 5kpa Balance:N
05[] A 10 kPa 1273K
= o4t 0|74 kPa :Calculated 1
S ]
2 | 4
3 03 \S\\
g a
— A
02} A |
-
5 [m]
- “S
O
0.1 7
009 | |
0.08 . * * —
8 910 20 30 40 506070

Py2olkPal

Fig. 7. Effect of partial pressure of steam on the rate of the steam
reforming of methane obtained at 1273 K.

rate of steam reforming was almost independent of Py,o at
low Py,o and low Pcy,. However, the rate decreased with
increasing Py,o and Pcy,. The solid lines in the figures are
the calculated rates with an equation that will be proposed
later. Similar dependencies of Pcy, and Py,o on the rate
were obtained at other temperatures between 973 and
1273 K. Such dependencies of Pcy, and Py,o on rcp, in
this experiment are similar to the results reported so far, i.e.
the rate was proportional to the first order of Pcy, [5,6], and
between 0 and —1 order for Py,o [6].

Fig. 8 shows the effect of temperature on the rate. As a
reference, the reforming rate obtained from Ni—YSZ film [6]
was shown by the dotted line. The apparent activation
energy in this range for the Ni-YSZ-CeO, was 18 kJ/mol
and is lower than that of Ni-YSZ film: 82 kJ/mol. On the
other hand, it is noted that the catalytic activity of Ni-YSZ-
CeO, was higher than that of Ni-YSZ especially at low
temperature.
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Fig. 8. Dependence of temperature on the rate of the steam reforming of
methane.
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To express the above effects of Pcy,, Pn,0 and tempera-
ture on rcp, quantitatively, the following equation of a
fractional expression was proposed as a result of adapting
the data to various formulas of equation:

K\ K>K3Pcy, Py,0
(1 4+ K»Pcp, + K3PH20)2

ren, (mol/sm?) =

—E; .
K,—A,exp(RT), i=1,2 3)
where A; and E; are constants, R the gas constant and 7'is the
temperature. This equation can be used to realize the reac-
tion rate of the steam reforming at the initial stage that the
rate of the shift reaction is negligible. Other application
ranges of this equation are 5 kPa<Pcpy,<15 kPa, 10 kPa
<Pu,0<50 kPa, 10 kPa< Py,<30kPa, 975 K<7<1275 K.
The solid lines in Figs. 5-7 show the reaction rates calcu-
lated from the equation employing the values of the kinetic
parameters listed in Table 1. This shows that the measured
rates are almost consistent with the calculated ones.

One may explain Eq. (3) based on the Langmuir—Hinshel-
wood model. In this case, the constant K, and K5 correspond
to the equilibrium constants for adsorption of CH, and H,O
on the adsorption site of the catalyst, respectively. K3 was
calculated to be three to six times larger than K, in the range
between 1000 and 1300 K. However, the positive value of
the activation energy for the H,O adsorption, E3, cannot be
explained by the usual adsorption theory. This suggests that
the mechanism is not so simple.

3.3. Anode potential and polarization

Fig. 9 shows the open-circuit voltage during the steam
reforming which was taking place at the anode. The cell
voltage, E, theoretically is related to the ratio of oxygen
potentials between the anode and cathode according to the
Nernst equation

RT P 0, ,anode
E <4F> In (POQ,calhode> (4)
where F is the Faraday constant.

One can then calculate the oxygen potential of the anode
by specifying air for the cathode. It has been known that the
anode potential for a gas mixture consisting of H,, H,O, CO
and CO, agreed with the value calculated by assuming that
the oxygen potential was in equilibrium with the H)~H,O in

the mixture. The triangles and squares in the figure show the
calculated voltages by assuming that the anode oxygen

Table 1

Kinetic parameters determined for Eq. (3) in this experiment

i A; E; (kJ/mol)
1 400-612 mol/(s m?) 49

2 3.01 x 107*-4.96 x 10~* (kPa) ! —45

3 0.18-0.28 (kPa)~! 7
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Fig. 9. Open circuit voltages of the cell measured and simulated.

potential was in equilibrium with H,—H,O and CO-CO,
of the outlet gas, respectively. Whereas, the solid line shows
the calculated voltage by assuming that both the steam
reforming and the shift reaction equilibrated at this tem-
perature. The measured voltages agreed with the solid
line suggesting that those reactions reached equilibrium at
the anode/electrode interface where the anode potential
was detected. From the figure, one may deduce that there
was a difference in gas composition between the anode
surface and the bottom of the anode, i.e. anode/electrolyte
interface.

When the circuit is closed, electrochemical oxidation of
the reforming products, H, and CO, occur at the three-phase
zone, gas/electrode/electrolyte interface which is considered
to be a substantial reaction zone and at which H,O and CO,
must be produced. Hydrogen would mainly be consumed by
the electrochemical oxidation, because hydrogen was pre-
dominantly oxidized in the H,—CO mixture at the anodic
reaction [17] and also the fraction of CO in the mixture was
much lower than that of H,. Fig. 10 shows the relationships
between current and the anode potentials under the reform-
ing condition and the H,-H,O gas mixtures that were
prepared to simulate the reforming gas. Methane itself in
the reaction gas acts as an inert gas at the anode potential
[17]; therefore, a H,—H,O mixture shown as the squares was
used to simulate the gas mixture at the anode/electrolyte
interface on open circuit. Another H,—H,O mixture, as the
triangles, was used to simulate the outlet gas. The measured
potentials appeared between the plots for the simulated
gases. Namely, the measured potential was equal to the
square plot on open circuit and left the curve of the
square plots over 50 mA/cm?, then get close to the line
of the triangle plots with increasing current density and
finally almost agreed with the triangle plots over 600 mA/
cm?. This figure suggests that the reforming reaction
taking place in the pores of the anode influenced the anode
potential.
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Fig. 10. Relationships between the anode potential and current density
obtained from the reforming gas and H,—H,O gas mixtures used to
simulate the reforming gas.

3.4. Effect of current flow on the catalytic activity for the
steam reforming

Fig. 11 shows the reaction rates not only for CH, but also
for H,, CO and CO, measured with increasing current
density at Pcy,=6 kPa, Pp,=30kPa and Pp,0=18 kPa.
The reaction rates were measured after continuing the
current discharge for about 1 h. The reaction products of
the steam reforming, hydrogen in this case, were consumed
by the electrochemical oxidation; therefore, the measured
rate was the overall rate that involves formation by the
reforming reaction and consumption by the electrochemical
oxidation. The overall rate of hydrogen with current density
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Fig. 11. Effect of current density on the rate of the reactions when the
partial pressure of steam was relatively low: 18 kPa.
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Fig. 12. Effect of current density on the rate of the reactions when the
partial pressure of steam was relatively high: 30 kPa.

was calculated and is shown as the dotted line. The overall
rate of H, formation was found to decrease with increasing
current along the dotted line, suggesting that the overall rate
can be explained by the sum of the reforming rate and the
consumption rate.

It is noted that when the circuit was opened again after the
current discharge of 600 mA/cm?, the catalytic activity was
not back to the initial value and the rate remained as that at
600 mA/cm?. This suggests that the catalytic activity dete-
riorated during a current load as high as 600 mA/cm?. Much
greater deterioration of the catalytic activity during current
discharge was observed at higher Py, and lower Py, . Fig. 12
shows the rates with increasing current obtained at
Pcy,=15 kPa, Py,=10 kPa and Py,0=30 kPa. The decrease
in the rate of H, formation during current discharging was
much larger than the calculated value shown by the dotted
line, and also the rate was not back to the initial value after
the circuit was opened in this case. However, the catalytic
activity relieved after exposing the anode in a flow of
hydrogen for a while. This suggests that the deterioration
in the catalytic activity may be due to H,O produced via the
electrochemical oxidation of hydrogen. This may be sup-
ported by the study of Nagata and Iwahara [18]. They
measured the vapor pressure of H,O at the surface of a
Ni—YSZ anode and concluded that the overvoltage at the
anode was caused by hydrogen concentration polarization.
Accumulated H,O in the porous anode may cause the
oxidation at the Ni surface and resulted in the declaration.
This effect would be influenced by the magnitude of the
current density, the partial pressures of steam and hydrogen,
and the structural factors of the anode, i.e. porosity, pore
size, thickness and so on. In the design of the anode for the
IR-SOFC, microstructure for higher mass transfer rate may
be important from the viewpoint of preventing the catalytic
activity from deteriorating.
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4. Conclusions

The catalytic activity of a Ni-YSZ—-CeO, anode layer of
an IR-SOFC for the steam reforming of methane and the
effect of the electrochemical oxidation on the activity were
measured at various gas compositions between 973 and
1273 K, and the following conclusions were obtained:

1. The catalytic activity of the Ni-YSZ-CeO, anode was
higher than that of the Ni—-YSZ reported especially at
low temperature as long as the reaction gas contains
some hydrogen.

2. The rate of methane consumption over the anode in this
experiment was expressed as Eq. (3).

3. A gradual deterioration of the catalytic activity of the
anode was observed at low Py, and high Py,o
atmosphere, also at high current densities. This may
be caused by the oxidation of Ni surface by steam with
high Py, in the reaction gas and that produced via the
electrochemical oxidation.
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