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The solid oxide fuel cell (SOFC) has high conversion efficiency, and is quite attractive from the viewpoint of
fuel flexibility, especially the possibility of internal reforming of methane and other hydrocarbons for power gen-
eration. The high temperature operation of SOFCs allows the reform of hydrocarbon fuels on the fuel electrode
internally in a SOFC module. The power generation characteristics of SOFCs with internal steam reforming of
methane were investigated. Steam reforming over a Ni-YSZ (yttria-stabilized zirconia) cermet catalyst attained
almost the equilibrium conversion and selectivity in a fixed bed reactor at 1000°C. Internal reforming of hydro-
carbons was incomplete because of the limited contact time with the thick layer of the Ni cermet electrode.
Therefore, the fuel cell supplied with pre-reformed gas to the anode always produced a lower terminal voltage due
to insufficient conversion of the fuel compared with that supplied with post-reformed gas at a given current densi-
ty. Methane internal reforming proceeded without deterioration with time, whereas power generation with
ethane and ethylene was deteriorated by carbon deposition even at high steam-to-carbon ratio. The carbon depo-
sition region and equilibrium partial pressure of oxygen in the C-H-O diagram were estimated from thermody-
namic data. The characteristics of CH4 steam reforming, carbon deposition, and power generation with Ni-YSZ
cermet anodes modified by MgO, CaO, SrO, CeOa, and precious metals were examined. CaO addition was
effective for suppressing carbon deposition and promoting CH4 steam reforming, although the anode electrochem-
ical activity was slightly deteriorated. Ru and Pt addition enhanced steam reforming and suppressed carbon
deposition without deteriorating the anode electrochemical activity. The impedance related to gas diffusion was
significantly reduced by precious metal additions, indicating that the stability of the anode catalyst was consider-

ably improved since no carbon was deposited.
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1. Introduction

Solid oxide fuel cells (SOFCs) are operated at high
temperatures and so have advantageous features such
as multi-fuel applicability and high conversion efficien-
cy in combination with other power generation systems" ™.
The high operating temperature allows the reform of
hydrocarbon fuels both internally on the fuel electrode
and externally in a reformer. In principle, reforming
of the fuel could lead to higher conversion efficiency,
because the thermal energy emitted in the electrochem-
ical reaction is chemically recuperated by the endother-
mic steam reforming reaction. In particular, internal
reforming is expected to be more effective for chemical
recuperation, since the reforming reaction temperature
is as high as the operation temperature of SOFCs and
thus degradation of the thermal energy can be mini-
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mized. In the internal reforming operation, a mixture
of steam and various fuels such as hydrocarbons and
alcohols is introduced directly to the fuel electrode for
power generation and the fuel species are catalytically
converted via a steam reforming reaction into a mixture
of Hz, CO, H20 and CO2 over a Ni-YSZ (yttria-stabi-
lized zirconia) cermet catalyst used as the anode.

Carbon monoxide, which is a poison for fuel cells
operated below 200°C, can be utilized effectively as a
fuel in SOFCs. During the internal reforming of
methane, for example, the fuel electrode is exposed to
gaseous mixtures of CHs, Hz, H2O, CO, and CO2. The
reactivity of these gas species in the electrochemical
and catalytic reactions as well as the diffusion in the
electrode pores is crucial in determining the cell
performance?~7. The internal reforming reaction pres-
ents problems with the fuel species, active electrocata-
lysts, reactivity of gas species, efficiency for various
fuels, direct reaction of hydrocarbon on the electrode,
carbon deposition, and thermal management.
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Fig. 1 Basic Design of Three Types of Hydrocarbon-fueled

SOFCs (reproduced from Eguchi (2003)?)

This study summarizes the basic power generation
characteristics of SOFCs during the internal reforming
operation with various kinds of fuels, and discusses the
electrochemical activity, steam reforming reaction, and
shift reaction on conventional and modified Ni-YSZ
anodes.

2. External, Direct Internal, and Indirect Internal
Reforming

Hydrocarbon fuels are the most suitable fuels for
achieving high efficiency in power generation with
SOFC from natural resources. Three types of fuel
conversions for hydrocarbon fuels can be considered
for combination with the reforming reaction as shown
in Fig. 1?Y. In the external reforming operation (Fig.
1(a)), hydrogen is converted in the reformer prior to
introduction into the fuel cell chamber.  This is the
only operation mode for hydrocarbon-fueled polymer
electrolyte fuel cells and phosphoric acid fuel cells. In
the indirect internal reforming operation (Fig. 1(b)),
the catalytic reformer is located inside the fuel cell
stack, whereas the reforming reaction is carried out in
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the vicinity of the cell stack but not on the electrode
surface. In the direct internal reforming operation
(Fig. 1(c)), natural gas or hydrocarbon fuel is directly
introduced into the cell chamber where the hydrocar-
bon is converted into hydrogen and carbon monoxide.
With the internal reforming operation, heat released
from the fuel cell by power generation can be effective-
ly used for the reforming reaction, as the steam reform-
ing of hydrocarbons is largely endothermic.

The Ni-YSZ anode is active for the reforming reac-
tion, so direct reforming can be carried out on the elec-
trode for hydrocarbon-fueled SOFCs. Combination of
these methods is also possible. For example, part of
the hydrocarbon fuel can be converted in the pre-
reformer, then the decomposition of hydrocarbons is
completed in the fuel cell chamber or on the fuel elec-
trode. This selection of operational modes depends on
heat management, thermal stress, carbon deposition and
electrode polarization, cost and system efficiency. In
addition to internal reforming, partial oxidation of the
hydrocarbon fuel is also possible in the first step of the
fuel processing. However, direct introduction of dry
fuel for partial oxidation is often associated with carbon
deposition. Autothermal reforming, a combination of
exothermic partial oxidation and endothermic reform-
ing is another possibility in which the endothermic or
thermoneutral condition can be achieved by combina-
tion with steam reforming. The above-mentioned
reactions for methane can be expressed as

CH4 + x/202 + (1 — x) Ho O —

CO+(B3-x) H: (1)
where the steam reforming and partial oxidation are
x=0 and x =1, respectively. Autothermal reforming
is intermediate with 0 <x < 1.

3. Thermodynamic Considerations

3.1. Equilibrium Conversion and Selectivity for
Steam Reforming, Shift Reaction

The thermodynamic equilibrium of the internal

reforming reaction is essential for estimating the con-

version and products in internal reforming. The reac-

tions participating in the system are (2), (3), and (4).

The steam reforming of methane (2) and water gas shift
reaction (3) were taken into consideration:

CH4 + H.O — CO + 3H» (2)
CO+H0 — CO2+ H 3)
2CO — C+CO2 4)

The steam reforming reaction (2) is commercially car-
ried out as a catalytic process in chemical plants using
supported Ni catalysts at 700-800°C. Since the
reforming reaction is a very endothermic reaction, the
equilibrium conversion increases as the reaction tem-
perature rises, and reaches almost 100% at 700°C or
higher. The selectivity for CO and COs: in the refor-
mate depends on the equilibrium of the shift reaction
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Fig. 2 Equilibrium Composition of Reformed Gas as a Function of Initial Pu,0/(Pn,0 + Pcn,) (reproduced from

Eguchi (2003)>)

(3). The shift reaction is also used for increasing the
hydrogen content from the reformate using Fe-Cr cata-
lyst at around 600°C and Cu-ZnO catalyst at 250°C.
Low temperature is favorable for a high hydrogen con-
tent because of the exothermic nature of the shift reac-
tion. The carbon formation reaction (4), called the
Boudouard reaction, should be avoided, since the depo-
sition of carbon results in pore closure and inefficient
supply of the gaseous reactants to the catalytic reaction
sites. Therefore, an adequate amount of steam should
be added to the hydrocarbon fuel to prevent carbon
deposition.

The partial pressures of the five gas components, Ha,
H20, CO, CO2, and CHa, in the thermodynamic equi-
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librium are shown in Fig. 2?». The total pressure of
the gaseous mixture is 1 atm. The equilibrium con-
version of methane increases with the temperature, due
to the endothermic nature of the reaction. The conver-
sion reaches ca. 100% at 900°C, so the partial pressure
of CHa should be extremely low at the operation tem-
perature of SOFCs. CO formation is favored with
higher temperature because of the exothermic nature of
the shift reaction, leading to increased CO selectivity at
high temperatures.
3.2. Carbon Deposition and Partial Pressure of
Oxygen in the C-H-0O System

Carbon deposition can cause serious reduction of the

power generation characteristics of SOFCs as a result
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Carbon deposition is expected in the carbon-rich region beyond
the boundary at the respective temperatures.

Fig. 3 Boundary of the Carbon Deposition Region in the
C-H-O Phase Diagram at 1atm (reproduced from
Takeguchi ez al. (2002))

of pore closure and encapsulation of the active catalytic
sites. As the first step for anticipating carbon deposi-
tion, the equilibrium composition of a mixture of H20O,
C (graphite), CO, CO2, CH4, Hz, and Oz was calculated
for various molar ratios of C/H/O. The region of car-
bon deposition in the C/H/O diagram was determined
from thermodynamic calculations in the temperature
range of 400-1200°C at 1 atm (Fig. 3)¥. At 1000°C
or higher, carbon deposition occurs in the C-rich region
from the H2/CO line. The deposition region expands
with a decrease in temperature as far as the equilibrium
is concerned. CHa4 becomes stable at low tempera-
tures resulting in bending of the boundary line around
the H corner. Therefore, internal operation of the fuel
cell in the carbon deposition region should be avoided
by adding steam or COg, but the kinetic effect should
also be taken into account. Carbon deposition can
proceed even in the presence of a large amount of
steam in the Cz-fueled SOFC.

The equilibrium oxygen partial pressure in the
reformed gas mixture at 1000°C was calculated>~¥®.
The partial pressure of oxygen on the fuel electrode is
directly related to the open-circuit voltage (OCV) via
the Nernst equation. The calculated partial pressure
of oxygen is shown in a contour map of the C/H/O dia-
gram (Fig. 4)®. A drastic change in the partial pres-
sure of oxygen was found when the composition goes
to the C- or H-rich side across the CO2/H20O line of the
stoichiometric composition of combustion. The
decrease in partial pressure of oxygen was 10 orders of
magnitude on this line. The partial pressure of oxygen
was low and gradually decreased along the upper-left
direction in the region surrounded by CO, COz, Hz2, and
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Fig. 4 Equilibrium Partial Pressure of Oxygen in Gas
Mixtures in the C-H-O Diagram at 1000°C (reproduced
from Takeguchi et al. (2002)®)

H:O, in which the four gas species form a reducing
atmosphere. The partial pressure of oxygen dropped
on proceeding to the carbon-rich region in which depo-
sition occurs across the CO/Hz line. The carbon-rich
region beyond this line corresponds to carbon deposi-
tion at 1000°C as indicated in Fig. 3.

4. Steam Reforming of Methane and Shift
Reaction on Conventional Ni-YSZ Cermet
Catalyst

Steam reforming of methane (2) and the shift reac-
tion (3) on a Ni-YSZ cermet were investigated at
atmospheric pressure using a conventional flow system.
A commercial YSZ tube painted with the Ni-YSZ cer-
met supplied by TOTO Ltd. was used for the reaction.
The area of the active catalytic surface for the Ni-YSZ
cermet on the YSZ tube was 25.8 cm?.  Prior to the
reaction, the catalyst was reduced in a 50% H2/Na
stream from room temperature to 1000°C at a constant
heating rate of 200°C-h™'. Then, the reactants were
introduced into the reactor. Reaction products were
analyzed by an on-line gas microchromatograph
(Chrompack, Micro-GC CP2002). Reaction gas mix-
ture of 22.2% H:20, 11.1% CO, 33.3% Hz and 33.4%
N2 was fed at the total rate of 374 m/-min~! at standard
temperature and pressure (STP). This contact time
between reaction gas and Ni-YSZ corresponds to 0.25 s
at 1000°C. For steam reforming of methane, the reac-
tion gas mixture consisted of 42.9% H20, 14.3% CHa,
and 42.8% N fed at the total rate of 291 m/ (STP)-
min~!. This gas corresponds to the conditions of the
steam reforming of methane and the normal operating
conditions of SOFCs applied in the power generation
test of current density of 300 mA -cm2 and fuel utiliza-
tion of 60%. The contact time between the reaction

No. 4, 2004
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Fig. 5 Influence of Reaction Temperature on Shift Reaction
(reproduced from Takeguchi et al. (2002)®)

gas and Ni-YSZ corresponds to 0.32 s at 1000°C.

Catalytic activity of the Ni-YSZ cermets for the shift
reaction (3) is shown in Fig. 5¥. The equilibrium
COgz yield and CO conversion in Fig. 5 were estimated
by assuming that four gas species, i.e. CO, CO2, H2 and
H:0 excluding CH4, were in thermodynamic equilibri-
um. CO conversion approached the equilibrium at
600°C and reached the equilibrium at over 850°C.
The shift reaction is generally accepted to reach equi-
librium on transition metal catalysts at relatively low
temperatures around 250-300°C. In the present exper-
imental conditions, the shift reaction approached the
equilibrium at 550-600°C, but it was difficult to attain
the equilibrium conversion due to the very short contact
time of 0.25s. This result indicates that the open cir-
cuit voltage below 600°C may deviate from the theoret-
ical value calculated from the partial pressure of Oz in
Fig. 4 because of the deviation from the equilibrium
gas composition.

Steam reforming of methane was investigated as
shown in Fig. 6. The equilibrium CHa conversion
reached 100% at 750°C and higher temperatures, while
the measured conversion remained far below the equi-
librium at temperatures lower than 850°C. Compar-
ison with the results in Fig. 5 indicates that the rate of
CHj4 steam reforming was much slower than that of the
shift reaction. The observed conversion was 100% at
900°C, so almost complete conversion could be
attained under the operating conditions of SOFCs at
1000°C with a contact time of 0.32's.  This result indi-
cates that the open circuit voltage over 900°C can equal
the theoretical value thermodynamically expected from
the oxygen partial pressure shown in Fig. 4. The
measured CO: yield agreed well with the calculated
value that was obtained by assuming the equilibrium
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Fig. 6 Influence of Reaction Temperature on Steam
Reforming of Methane (reproduced from Takeguchi et
al. (2002)Y)

among CO, COz, Hz, and H20, and excluding CH4 over
the whole temperature range investigated as shown in
Fig. 5. The shift reaction in Fig. 6 reached equilibri-
um more easily than that in Fig. 5, indicating that CO
formed by the steam reforming was located near the
active sites and rapidly reacted with H20 to form COs..

5. Steam Reforming of Ethane and Ethylene on
Ni-YSZ Cermet

The behaviors of steam reforming of ethane and eth-
ylene were compared with that of methane. A reac-
tion gas mixture consisting of 46.2% H-0, 7.7% C2Hs
(or C2H4) and 46.1% N2 was fed at the total rate of 270
m/ (STP)-min~!. The contact time between the reac-
tion gas and Ni-YSZ corresponds to 0.34 s at 1000°C.
In all cases, the S/C ratio was set at 3. The steam
reforming reaction of CoH4 and C2Hs was carried out as
in the case of CH4. Since both CoHs4 and C:He were
almost completely converted over 800°C, the CO: yield
for steam reforming of C2H4 and C2He measured in the
range of 800-1000°C is summarized in Table 1%.
The equilibrium COz yield was again calculated,
assuming that the four gas species, CO, CO2, Hz, and
H>O were in thermodynamic equilibrium. The CO:
yield slightly deviated from the equilibrium even at
800°C for the steam reforming of C:He¢ and C:Ha,
although that for CHs reached equilibrium over 600°C.
Steam reforming is generally accepted to initiate via the
decomposition of hydrocarbons ((5) and (6)), which is
the rate-determining step, and will be discussed later:

CoHy — 2C + 2H> %)

C2Hs — 2C + 3H2 (6)
Therefore, carbon was deposited on the catalysts after
steam reforming even in the carbon free regions shown

Vol. 47, No.4, 2004
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Table 1 CO:2 Yield from Steam Reforming of C2Ha and C2He

(reproduced from Takeguchi et al. (2002)®)

Fuel Temperature CO2 yield? Equilibrium COz yield

[°C] [C-at.%] [C-at.%]

C2Ha 800 36.8 414
900 33.6 353
1000 29.1 30.6
C2He 800 333 37.7
900 28.2 31.8
1000 244 27.2

Gas composition: 46.2% H20, 7.7% C2He (or C2Ha), 46.1% Na;
total rate of 270 m/ (STP)* min~'.
a) Conversion of C2Hs and C2He = 100%.

in Fig. 2. The deposited carbon may have covered
the active sites, resulting in catalyst deactivation for
steam reforming.

6. Power Generation with Internal Reforming of
Hydrocarbons and Alcohols

6. 1. Current/voltage Characteristics for Internal
and External Reforming of Methane
Current-voltage characteristics of SOFCs with inter-
nal reforming of methane were investigated. Cells for
power generation experiments were prepared as fol-
lows. The Ni-YSZ cermet electrode was prepared by
using 80 wt% NiO (Wako Pure Chemical Industries,
Ltd.) and 20 wt% YSZ (Tosoh Corp., TZ-8YS). A
mixture of these powders was milled for 24 h and cal-
cined at 1400°C in air for 5h. The resultant cermet
powder was mixed with polyethylene glycol to form a
slurry.  This slurry was applied on one side of a 0.5-
mm thick YSZ disk and then the disk was sintered in
air at 1400°C. LaoeSrosMnOs (LSM) and Pt were
used as the cathode and reference electrode, respective-
ly, in all experiments unless otherwise noted. LSM
powder was prepared using the metal acetates dissolved
in water, and then dried at 120°C overnight. The
resultant powder was calcined at 900°C for 10 h. The
slurry of the powder and polyethylene glycol was paint-
ed on a YSZ disk and calcined at 1150°C in air for 5 h.
The internal and external reforming type fuel cell
was tested using the experimental apparatus illustrated
in Fig. 7(a)®». A planar cell, prepared as above, was
attached to a mullite tube, which was connected to the
flow line by a Pyrex glass ring seal (Fig. 7(b)). A
gaseous mixture of H>-H20, CO-COz, or CH4+H20 was
supplied to the fuel electrode, and pure oxygen to the
counter electrode. For external reforming operation, a
fixed bed catalytic reactor for steam reforming of
methane was connected to the gas entrance of the cell.
Two three-way valves switched the gas flow to supply
pre- or post-reforming gas to the fuel cell.
Current-voltage characteristics of SOFCs with inter-
nal reforming of methane were investigated by supply-
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ing pre- and post-reformed gases to the cell (Fig. 82%).
No carbon deposition was expected for this S/C condi-
tion as estimated from Fig. 2. The catalytic pre-
reformer was confirmed to completely convert the
CH4/H20 mixture to the equilibrium composition.
The I/V characteristics of the SOFC supplied with pre-
and post-reformed gas are compared in Fig. 8. The
open circuit voltage (OCV) for the post-reformed gas
agreed with that expected for the equilibrium. The
open circuit voltage of SOFC supplied with pre-
reformed gas was always lower than the corresponding
value supplied with the post-reformed gas. The volt-
age drop with increasing current was also steeper for
the case of the pre-reformed gas. This result also
implies that the electrode layer is insufficient to convert
CH4 completely, so that the concentrations of H> and
CO are lower than those in the equilibrium gas after
complete reforming. Although equilibrium conver-
sion of CH4 by steam reforming is generally achieved
at 1000°C, insufficient contact time with the Ni/cermet
catalyst layer sometimes led to incomplete conversion.

The current/voltage characteristics at different CH4
concentrations are shown in Fig. 9(a)®. A high con-
centration of CHs (S/C=1) resulted in high OCV
because of the low oxygen partial pressure of the fuel
gas. The shape of the curve changed systematically
with CH4 concentration. The curve with high CHs
concentration was characterized by a significant con-
cave bending in the small current density region fol-
lowed by a linear decrease in the terminal voltage with
increasing current density. The significant decrease in
the low current density region was ascribable to the
concentration overvoltage in the vicinity of the ripple-
phase boundary. As the small current passed though
the electrolyte, H2O and CO: formed via power genera-
tion significantly enhanced the local oxygen potential.
The curves for the low CHa4 concentrations started from
a straight decrease and subsequent sharp drop in the
terminal voltage in high current density region. This
sharp drop is known as the limiting current due to
depletion of the fuel in the mixture. Power generation
was stable without carbon deposition for the conditions
in Fig. 9(a).

The effect of water content in the reaction gas was
analyzed at a fixed CHa concentration®. The current-
voltage characteristics at different H2O concentrations
are shown in Fig. 9(b). The OCVs were determined
by the steam to carbon ratio. Low H2O concentration
resulted in low oxygen partial pressure in the fuel.
The expected values for the oxygen partial pressure
agreed with the measured values. The voltage at high
current densities was higher for 20% H20 than for 2%
H20 and 60% H20. The low performance of the fuel
cell at 2% H2O can be ascribed to the high polarization
resistance and carbon deposition. Internal reforming
in this case occurred in the carbon deposition region.
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On the other hand, the low performance at 60% H20
resulted from the extremely high water content. This
result implies that high water concentration during
power generation also led to deterioration of the fuel
electrode via the oxidation of Ni, or adsorption of water
or hydroxyl species on the surface. This situation may
arise in the downstream region of the cell.

Direct introduction of dry methane to SOFCs has
been successful for small-scale cells without carbon
deposition”. The kinetics of the reaction has been dis-
cussed, and direct oxidation of CH4 at the triple phase
boundary has been proposed!”. The reaction mech-
anism is complicated since not only the electrochemical
reaction of methane but also the secondary CH4 reform-
ing with steam and COz, which is formed by the elec-
trode reaction, may proceed on the Ni surface.

6.2. Power Generation with Other Hydrocarbons
and Alcohols

Power generation with internal reforming of methane
did not suffer from deterioration by carbon deposition
if the cell was operated in a carbon free region expected
from the equilibrium. Carbon deposition became seri-
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ous as the carbon number of fuel increased because of
carbon residue. The power generation characteristics
have been investigated using ethane or ethylene as a
fuel as shown in Fig. 10>Y. The steam to carbon ratio
(S/C=3.5) was set outside the carbon deposition
region. The I-V characteristics were stable for CHa,
i.e., the curve was unchanged with time. On the other
hand, the I-V characteristics were deteriorated signifi-
cantly with time due to carbon deposition using either
ethane or ethylene as a fuel. Although a relatively
large steam/carbon ratio was employed to avoid carbon
deposition, carbon was observed on the Ni electrode
and electrolyte after the experiment. Therefore, pre-
reforming is necessary for fuels containing Cz or higher
hydrocarbons.

Power generation with methanol fuel can be operated
without problem. Only a small amount of water vapor
is necessary to avoid carbon deposition. Figure 11
shows the current/voltage characteristics of a SOFC for
various light alcohol-based fuels, as well as for a mixed
Hz and CO fuel'). The equilibrium gas compositions
were common for the four reaction gas mixtures
because the C/H/O atomic ratio of the four gas mix-
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tures was identical. The OCV was dependent on the
type of fuels. The OCV of the mixed Hz and CO was
the highest, and then decreased with increasing carbon
number of alcohols from methanol to ethanol and 2-
propanol. The reaction rate of direct reforming or
decomposition at the electrode catalyst could be differ-
ent for the alcohols, giving rise to the difference in the
OCV. However, except for the 2-propanol-based fuel,
the difference in the cell voltage at a given current den-
sity for various fuels became smaller with increasing
current density, since water formed by the discharge
may assist the steam reforming reaction for each fuel.
The deterioration of I/V characteristics was obvious for
the 2-propanol-fueled SOFC, which was ascribable to
carbon deposition.

7. Power Generation Characteristics of SOFCs
with Modified Ni-YSZ Cermet Catalysts

The present experimental results demonstrate the
potential for internal reforming of hydrocarbon and
alcohols in SOFCs. Nevertheless, the activity of
anode catalysts for fuel conversion must be further
improved. In addition, enhanced fuel electrode
performance will be very important for suppressing
carbon deposition in power generation with low S/C
ratio or higher hydrocarbon and alcohol fuels. Some
additives such as alkaline earth oxides and cerium
oxide are effective for suppression of carbon deposition
in the steam reforming of methane over supported Ni
catalysts!?~ . Precious metal catalysts also exhibit
excellent activity for steam reforming of methane!'.
Therefore, addition of these promoters to the Ni-YSZ
anode was investigated for suppression of carbon depo-
sition as well as improvement of power generation
characteristics.

MgO, Ca0, CeOz, SrO, Ru, Rh, Pd, and Pt were test-
ed as additives to Ni-YSZ. NiO, YSZ, and MgO,
Ca0, CeOz2 or SrO powders were mixed in the weight
ratio of 4 : (1 —x) : x, with x =0, 0.01, 0.05, and 0.10,
milled for 24 h, and calcined at 1400°C for 5 h in air.
A mixture of NiO and YSZ powders were milled for 24
h, then impregnated with aqueous solution of
Ru(NO3)3, Rh(NO3)3, Pd(NO2)2(NH3)2, or Pt(NO2)>
(NH3)2. The weight ratio of Ni : YSZ : precious metal
was fixed at 1 : 0.32: 0.01. The impregnated powders
were calcined at 1400°C for 5h in air. Cells for
power generation using these modified Ni-cermet pow-
ders were identical to those for the previous experi-
ments.

In addition to the electrochemical properties of the
modified Ni-YSZ cermets, the catalytic activity of the
modified cermets for methane decomposition as well as
steam reforming of methane was investigated. For
methane decomposition, the mixture of the cermet
powder and polyethylene glycol was painted on a YSZ
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(@)

(b)

Fig. 12 Schematic Drawing of Catalyst on (a) YSZ Disk and
(b) YSZ Tube Used for Carbon Deposition Measure-
ment and for Steam Reforming Reaction of Methane,
Respectively

disk (8 mm diameter, 0.2 mm thick) as the support.
This disk was calcined at 1400°C for 5 h in air, and the
thickness of the resultant cermet film was 50 um (Fig.
12(a)). For CH4 steam reforming, the cermet powders
were applied to a YSZ tube as described in Section 4.
The area of the resulting cermet film was 16.3 cm?
(Fig. 12(b)).
7.1. Methane Decomposition over the Modified
Ni-YSZ Cermet

Methane was decomposed at atmospheric pressure
using a thermogravimetric analyzer (Shimadzu Corp.,
TGA-50), with the catalyst powder loaded in the basket
of the balance. Prior to the reaction, catalysts were
reduced in the stream of 5% H2/Ar from the room tem-
perature to 1000°C at a constant heating rate of 10°C-
min~!, and the temperature was held at 1000°C for 10
min. Then, the H2/Ar flow was changed to the flow of
67% methane and 33% N.. The carbon deposition
rate for the first 1 min was given by:

_ weight increase by deposited carbon
~ cermet weight X reaction period

(N

The carbon deposition rates over the Ni-YSZ cermets
modified with the alkaline earths are summarized in
Table 2%. The addition of CaO or SrO to the Ni-YSZ
cermet obviously suppressed the carbon deposition,
whereas MgO addition to the Ni-YSZ cermet promoted
carbon deposition. For CeOz-modified Ni-YSZ cer-
met, the rate of carbon deposition was related to the
amount of the added CeO, and this will be discussed
later. Although NiO in Ni-YSZ cermet is reduced to
metallic Ni in the working state of the SOFC, the addi-
tion of CaO or SrO with strong basicity modified the
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Table 2 Comparison of Decomposition and Steam Reforming of CHs Conversion on Various Cermets Modified by Alkaline Earths

and CeOz (reproduced from Takeguchi ef al. (2002)¥)

Cermet . . Carbon deposition rate? CHa conversion® [%]
. Weight ratio .

(before reduction) [C-g*cermet-g™' *min™'] 600°C 700°C 800°C

NiO : YSZ 4.00:1.00 0.045 54.8 90.7 99.3

NiO: YSZ : MgO 4.00:0.99:0.01 0.056 334 67.8 93.8
4.00:0.95:0.05 0.046 65.8 91.6 99.3
4.00:0.90:0.10 0.049 63.4 92.9 99.3

NiO: YSZ: CaO 4.00:0.99:0.01 0.024 62.1 91.9 99.2
4.00:0.95:0.05 0.027 61.7 91.9 99.2
4.00:0.90:0.10 0.024 65.1 93.7 99.4

NiO: YSZ: SrO 4.00:0.99:0.01 0.032 64.5 93.2 99.4
4.00:0.95:0.05 0.031 64.7 92.9 99.3
4.00:0.90:0.10 0.031 0.1 0.3 2.7

NiO: YSZ : CeO: 4.00:0.99:0.01 0.028 50.5 87.1 98.6
4.00:0.95:0.05 0.042 313 62.1 86.4
4.00:0.90:0.10 0.059 17.6 42.2 70.6

a) Gas composition: 67% CHa, 33% Na; total flow rate: 45 m/ (STP)-min~!; temperature: 1000°C.
b) Gas composition: 40% N2, 20% CHa, 40% H-O; total flow rate: 71.2 m/ (STP) -min~".

Table 3 Comparison of Decomposition and Steam Reforming of CH4 Conversion on Various Cermets Modified by Precious Metals

(reproduced from Takeguchi et al. (2003)'9)

Cermet ] ] Carbon deposition rate® CHa conversion® [%]
(before reduction) Weight ratio [C-g-cermet-g~'-min~'] 600°C 700°C 800°C
Ni:YSZ 1.00:0.32 0.045 54.8 90.7 99.3
Ni:YSZ:Ru 1.00:0.32:0.01 0.030 65.1 93.6 99.3
Ni:YSZ:Rh 1.00:0.32:0.01 0.062 57.3 84.5 98.2
Ni:YSZ:Pd 1.00:0.32:0.01 0.037 57.1 90.3 98.6
Ni:YSZ: Pt 1.00:0.32:0.01 0.027 62.1 91.3 99.1

a) Gas composition: 67% CHa, 33% Na; total flow rate: 45 m/ (STP) - min~!; temperature: 1000°C.
b) Gas composition: 40% Na, 20% CHa, 40% H-O; total flow rate: 71.2 m/ (STP) - min~".

metallic Ni to a slightly cationic state, so carbon depo-
sition was suppressed.

The effect of the precious metal additives on the rate
of carbon deposition is summarized in Table 3'.
Addition of Ru, Pd, and Pt reduced carbon deposition,
whereas Rh addition promoted carbon deposition.
Precious metal-modified Ni catalyst showed high activ-
ity and produced a small amount of carbon due to the
spill over effect of the precious metal'”. This experi-
ment suggested that these precious metals had the func-
tion of hydrogen spill over, and hydrogen formed by
decomposition was spilled over from Ru, Pd and Pt to
the carbon species, thus suppressing C-C bond forma-
tion.

7.2. Steam Reforming of Methane over Modified
Ni-YSZ Cermet

A gas mixture consisting of 20% CHa, 40% H>0 and
40% N2 was fed at the total rate of 71.2 m/ (STP) - min~!
for the steam reforming reaction of methane. The
steam-to-carbon ratio used in this experiment was
lower than that used in the previous experiments, in
order to emphasize the effect of the additives on the
steam reforming activity. Catalytic activity was mea-
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sured at decreasing reaction temperatures from 1000 to
600°C.

Steam reforming is generally accepted to initiate via
methane decomposition, which is the rate-determining
step, at high steam/carbon ratios. The reaction steps
are as follows:

CH: — C +2H> (8)
C+H0——~CO+H )
CO+H:0 ——~ CO2 + Hs 3)

If the reaction rate is proportional to the partial pres-
sure of CH4, reaction (8) is the rate-determining step.
However, reaction (8) is not proportional to the carbon
deposition rate. The carbon species, which is the pre-
cursor of coke and formed in the steam reforming
experiment, was rapidly removed by reactions (3) and
(9), so the morphology of the carbon species does not
affect the rate of decomposition.

The effect of alkaline earth addition to the Ni-YSZ
cermet on steam reforming of CHs is also summarized
in Table 2. No clear correlation was observed
between the carbon deposition rate and CH4 conver-
sion. Therefore, the steam reforming reaction appears
to be hindered by either alkaline earth addition or

Vol. 47, No.4, 2004
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Fig. 13 Current-voltage Characteristics in SOFC Operation
Using Ni-YSZ and CaO-modified Ni-YSZ Cermets at
1000°C (reproduced from Takeguchi et al. (2002)®)

deposited carbon. Addition of MgO to the Ni-YSZ
cermet increased the catalytic activity in the case of x =
0.05 or 0.10. Addition of CaO to the Ni-YSZ cermet
promoted the activity at every additive level investi-
gated. Addition of SrO to the Ni-YSZ cermet severe-
ly deteriorated the catalytic activity at x=0.10. The
catalytic activity depended on the amount of CeO2
added to the Ni-YSZ cermet. Since Ni particles on
Ce02-ZrO: solid solutions are stable!® 2D, Ni-YSZ cer-
met with low CeO: content exhibited a high perfor-
mance for steam reforming. On the other hand, since
CeO2 components which are not contained in
Ce02-ZrO: solid solutions deactivate Ni catalysts'?, the
Ni-YSZ cermet with high CeO: content had low activi-
ty for steam reforming and produced a large amount of
carbon. Among the catalysts modified by the alkaline
earths and CeO2, the CaO-modified Ni-YSZ cermet
demonstrated a low carbon deposition rate and high
CHs4 conversion for the steam reforming of CHa.

Addition of any precious metal improved the steam
reforming of methane, indicating that the precious
metal functioned as the steam reforming catalyst. The
precious metals promoted the CH4 decomposition reac-
tion and Hz production effectively. Therefore, Ru and
Pt addition is effective for promotion of CH4 reforming
as well as for the suppression of carbon deposition.
7.3. Power Generation Characteristics of Modified

Ni-YSZ Cermet

CaO-, Pt-, and Ru-modified Ni-YSZ cermets exhibit-
ed lower carbon deposition rates and higher activity for
steam reforming of CH4 than conventional Ni-YSZ cer-
met, so the effects of these additives on the power gen-
eration characteristics with CHs4 were examined. The
current-voltage characteristics of SOFCs at 1000°C
with S/C =3.0 using Ni-YSZ and CaO-modified Ni-
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Fig. 14 Current-voltage Characteristics in SOFC Operation
Using Ni-YSZ and Precious Metal-modified Ni-YSZ
Cermets at 1000°C (reproduced from Takeguchi et al.
(2003)'0)

YSZ cermets are shown in Fig. 13¥. The ideal open
circuit voltage was expected to be 0.95 V based on the
data in Fig. 4. The open circuit voltage for the cells
with Ni-YSZ and CaO-modified Ni-YSZ cermets was
0.92 V, which almost agreed with the expected value.
This result indicates that both unmodified and modified
cermets functioned as reforming catalysts. Compar-
ing the terminal voltages at a current density of 300
mA -cm showed that the voltage of CaO-modified Ni-
YSZ cermets was slightly lower than that of Ni-YSZ
cermet. Although CaO addition was effective for sup-
pressing carbon deposition and promoting the reform-
ing, the electrochemical activity as the anode was
slightly degraded. Alkaline earth oxides are easily
dissolved in the cubic zirconia lattice, so the observed
deterioration in the power generation characteristics
may result from local deviation of the alkaline earth
concentration of the electrolyte at the electrocatalytic
sites.

Figure 14 shows the current-voltage characteristics
of SOFCs at 1000°C with S/C =3.0 using precious
metal-modified Ni-cermet anodes, together with that of
the conventional Ni-YSZ cermet anode'®. The anode
gas composition and flow rate were identical to the
condition used in Fig. 13, so the thermodynamically
expected OCV was 095 V. The OCV measured for
the cells with the precious metal-modified cermets was
about 0.90 V, which was also very close to the theoreti-
cal value of 0.95 V. As in the case of CaO-modified
Ni-YSZ cermet, the precious metal additives worked
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Fig. 15 Current-voltage Characteristics in SOFC Operation
Using Ni-YSZ and Precious Metal-modified Ni-YSZ
Cermets at 900°C (reproduced from Takeguchi et al.
(2003)'9)

effectively as reforming catalysts and did not deterio-
rate the steam reforming activity of the original Ni-
YSZ cermet. In the discharging condition, all the pre-
cious metal additives promoted electrochemical activity
as anode catalysts, although promotion by Rh addition
was quite small. With a large steam-to-carbon ratio of
3, the current-voltage curves were almost identical for
the cells using the Ru-, Pt-, and Pd-modified Ni-YSZ
cermets. However, the Ru additive gave slightly bet-
ter performance at high current densities than the other
two additives.

Figure 15 shows the current-voltage characteristics
of the SOFCs at 900°C with a low S/C ratio of 1.0'9.
The improvement in tolerance to carbon deposition by
the precious metal additives was more evident in this
condition, since this condition was the boundary of car-
bon deposition as shown in Fig. 3. In addition, the
effect of carbon deposition on the I/V characteristics
could be detected under this condition. OCV varied
depending on the cermet under this low S/C condition,
whereas the OCV at S/C =3 and 1000°C was approxi-
mately equal to the theoretical value as shown in Fig.
14. For this experimental condition, the theoretical
value of OCV was estimated to be 1.2 V. The highest
OCV was obtained for the cell with the Ru-modified
cermet of about 1.05 V, but lower than the theoretical
value. This result indicates that steam reforming of
methane was incomplete over the modified Ni-YSZ,
and consequently the oxygen partial pressure in the
vicinity of the triple phase boundary in the fuel elec-
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Fig. 16 Impedance Spectra of CHs-fueled SOFCs at 1000°C
Using Ni-YSZ Cermets Modified with Ru and Pt
(reproduced from Takeguchi ez al. (2003)'9)

trode was higher than that predicted thermodynamical-
ly. However, the Ru-modified cermet improved the
OCV compared to the unmodified Ni-YSZ, and the Pt
and Ru additives provided much better performance in
the discharging condition than the unmodified Ni-YSZ.
7.4. Impedance Spectra of SOFCs with Pt- and
Ru-modified Cermet

Impedance spectra for the CHs-fueled SOFCs using
Ni-YSZ cermets modified with Ru and Pt are shown in
Fig. 16. The SOFC was operated at the same condi-
tions as shown in Fig. 14'9. The impedance mea-
surements were carried out over the frequency range of
0.01 to 10° Hz with 10 mV AC under open circuit con-
ditions using a frequency response analyzer (Solartron
1260). For Ni-YSZ, this plot had one large semicircle
with resistance of ca. 1.5 Q and one small semicircle
with resistance of ca. 0.7 Q. The characteristic fre-
quencies defined as w= (R C)" at the summits of the
semicircles were ca. 1000 and 20 Hz, respectively.
Since the high-frequency and low-frequency semicir-
cles were ascribed to the electrochemical reaction and
gas diffusion, respectively??, the large semicircle could
be related to the reaction process, and the small semi-
circle to the gas diffusion process. For Ru and Pt-
modified Ni-YSZ, the small semicircle disappeared, but
the large semicircle did not change. This result indi-
cates that Ru and Pt addition did not affect the imped-
ance caused by the reaction, but greatly reduced the
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impedance caused by the gas diffusion. Steam
reforming of methane on the Ni-YSZ modified with Ru
and Pt was rapid as shown in Table 3, so the carbona-
ceous species, which is the precursor of coke, was
effectively converted by reaction (9). Therefore, the
hydrogen supply was rapid due to the deficiency of car-
bonaceous species or coke. Effective conversion of
the carbonaceous species is important to promote elec-
trochemical activity. These results show that the
modified anode was quite stable without problems
caused by coke formation.

8. Conclusion

The chemical basis of the internal reforming opera-
tion of SOFCs and the experimental results for the
SOFCs with internal reforming were investigated.
Internal reforming of methane can proceed over the
electrode layers of Ni-YSZ, but an adequate amount of
catalysts is needed to attain full conversion. For
multi-component fuels originating from carbonaceous
fuels, the reactivity of the catalyst for internal reform-
ing or fuel conversion should also be considered, in
addition to the electrochemical oxidation. Carbon
deposition is another factor in determining the current-
voltage characteristics of the SOFC. In addition to the
thermodynamic condition for carbon deposition, the
kinetic effect is an important factor, especially for Cz or
larger fuels. Additives to the cermet significantly
affected the kinetic parameters of steam reforming of
CH4 as well as carbon deposition on Ni-YSZ cermet.
CaO-, Pt-, and Ru-modified Ni-YSZ cermets were
effective for suppressing carbon deposition without
deteriorating the reforming activity. CaO addition to
Ni-YSZ resulted in a slight degradation in power gener-
ation characteristics, whereas the precious metal addi-
tives such as Pt and Ru promoted the electrochemical
activity, and decreased the impedance related to gas
diffusion.

Further investigation is needed to clarify the mech-
anisms of the reforming reaction, carbon deposition,
and deactivation, in order to design an active and stable
fuel electrode material for internal reforming. The
design of the internal reforming SOFC should also be
investigated to achieve the maximum practical efficien-
cy from hydrocarbons and other fuels.
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