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Abstract : Anodic overpotential has been investigated with gas composition changes in a 100 cm? class molten
carbonate fuel cell. The overpotential was measured with steady state polarization, reactant gas addition (RA), inert
gas step addition (ISA), and electrochemica impedance spectroscopy (EIS) methods at different anodic inlet gas
compositions, i.e,, Hy:CO,:H,0=0.69:0.17:0.14 am and H,:CO,:H,0=0.33:0.33:0.33 atm, a a fixed H, flow rate.
The results demongtrate that the anodic overpotential decreases with increasing CO, and H,O flow rates, indicating
the anode reaction is a gas-phase mass-transfer control process of the reactant species, H,, CO,, and H,O. It was
aso found that the masstransfer resistance due to the H, species dightly increases at higher CO, and H,O flow
rates. EIS showed reduction of the lower frequency semi-circle with increasing H,O and CO, flow rate without

affecting the high frequency semi-circle.
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1. Introduction

Molten carbonate fuel cells (MCFCs) are based on carbonate
electrolyte, which requires a supply of CO, to the anode and
cathode electrodes to prevent the carbonate electrolyte from
decomposition, because the carbonate melts are in equilibrium
with oxide ions and CO,. In addition, the CO, presence with
H, at the anode produces CO according to the water-gas-shift
reaction (H,+CO,=H,0+CO), and finaly carbon at the defi-
cient of H,O species. The carbon deposition in the MCFC
obgtructs gas flow and e ectrode reactions, which shortens the
life of fuel cell. Water addition is a genera means to prevent
this problem. Thus, the anode gases are composed of H,, CO,,
and H,0O at the MCFC anode.

The high temperature melting carbonate electrolyte alows the
use of CO as afud in the MCFC. However, the oxidation rate
of CO in the carbonate melts is too dow to be used.Y A prac-
tical way of utilizing CO is to supply it with steam, because the
water-gas-shift reaction is a fast reaction in the gas phase
and the water addition results in H, production.? Similar out-
put voltages have been reported in H, fuel and fuel employed
amixed gas of CO and H,0.® The use of CO as afue in the
MCFC opens up the possibility of utilizing a coa based elec-
tric power source, as CO is one of the major component in cod
gas. On the other hand, to date, team reforming of natural gas
is the most competitive technology because of the well estab-
lished infrastructure of the natural gas supply and maturity of
the steam reforming technology with economic compatibility.
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The steam reforming of natural gas at 750°C yields approxi-
mately 75.1% of Hy, 12.5% of CO, 10.3% of CO,, and 2.1%
of CH, a a steam to carbon ratio of 3 based on the dry con-
dition, which is the general gas composition &t the anode of
the MCFC.

Ang and Sammells have reported that the anode is a multi-
component reaction system of H,, CO,, and H,O species
(Eq. 1).2

io oc P(Hz)O'ZSP(COZ)O'ZSP(H20)0'25 (1)

where i, is the exchange current density, which represents
the reaction rate on the electrode surface. The above equation
also suggests that the reactant species take part in the anode
reaction equally. Based on Eq. (1), Yuh and Seiman® suggested
the following empirical relation of anodic overpotentia (Eq. 2)
with respect to the partial pressures of these gases with signi-
ficant uncertainties.

an© P(H2) *?P(CO,) **"P(H,0) @

On the other hand, Morita et al., reported that anodic over-
potential is mainly a function of hydrogen partial pressure
(Eq. 3).9

Tan ¢ P(H2)® (©)
It should be noted, however, that these works excluded the

flow rate effect on the overpotential. A previous work has
suggested that the amount of the CO, species provides anodic
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overpotentia by the gas-phase mass-transfer effect.” Recently,
Lee et al., utilizing an inert gas step addition (ISA) method
developed in their laboratory, reported that the anode reaction
is a gas-phase mass-transfer control system.®® However, the
ISA could not give information on the mass-transfer effect of
each reactant species. Another method of reactant gas addi-
tion (RA) reveded that the anodic overpotentia depends on
the flow rates of the H,, CO,, and H,O species.™”

There have been numerous reports on the characterization
of MCFCs with the Electrochemical Impedance Spectroscopy
(EIS) method. Some works suggested that two semicircles are
obtained at the high and low frequency regions, respectively,
in a Cole-Cole plot.>* From the gas composition and utili-
zation changes, it has been suggested that the semi-circle in the
high frequency region represents cathodic reaction resistance
while the semi-circle in the low frequency region represents
anodic polarization.

The present work illuminates the effects of gas-composition
change on the anodic overpotential, employing ISA, RA, and
EIS methods for 100 cm? class MCFC single cells.

2. Experimental

Several 100 cm? class MCFC single cells were used in this
work. The anode was made of Ni aloy, and the cathode was
in-situ oxidized NiO. The cdll matrix was LiAIO, with dumina
fiber for reinforcement. The electrolyte was a mixture of
62 mol% Li,CO5 and 38 mol% K,COs. The cells were operated
at 923 K under atmospheric conditions. More details of the cdll
preparation and operation have been described in a previous
work.®

Two gas mixtures, H,:CO,:H,0=0.69:0.17:0.14 atm and
H,:CO,:H,0= 0.33:0.33:0.33 atm, were used for the anode.
The gas compositions were prepared by controlling CO, and
H,O flow rate at a fixed H, flow rate of 0.17 |/min. The
water flow rate in the anode gas was controlled by adjusting
the water temperature of a bubbler. The cathode gas was a
mixture of 70 mol% air and 30 mol% CO..

Overpotential variation was measured with several methods
a different anode gas compositions. First, steady state polari-
zation (SSP) was utilized to record the voltage decline by the
current load from the open circuit voltage (OCV); thus the
change of the slope by the gas composition change indicated
the overpotential variation at the electrode. The current
applied to the SSP ranged from 0 to 15 A.

Second, the reactant gas addition (RA) method was
employed. As reported in a previous paper,'™¥ RA adds a
reactant gas to the anode, which leads to the partial pressure
and flow rate changes of the species. These changes are rep-
resented at the OCV and voltage at the current density. Since
the difference between the OCV and voltage at a polarization
state is the total overpotential, the overpotential change by
the gas composition variation indicates the effect of the gas
composition on the eectrode reaction kinetics. When a reac-
tant gas is added to the anode, the OCV is varied according
to the following Nernst equation (Eq. 4) and the voltage at
the polarization state is also changed.
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When we assume the OCV variation is AE and the voltage
variation is A4Vp, the difference (AV=4Vp- AE) between AE
and AVp represents the overpotential variation by the reactant
addition.®Y A positive AV indicates that the overpotential is
reduced by the addition and the reactant addition enhances
the electrode reaction rate. On the contrary, a negative 4V
indicates that the overpotential rises by the addition and the
addition reduces the mass-transfer rate. More details of the
RA measurement have been described in a previous work.™)

The third measurement technique was the inert gas step
addition (ISA) method. ISA adds inert gas to an electrode,
which results in flow rate changes of the reactant gases.?)
The flow rate change results in the overpotential variation,
and thus the overpotential as a function of flow rate yields
information of the flow-rate-induced overpotential at the
electrode. Since the inert gas addition port is placed several
meters from the cell in the ISA measurements, a certain
amount of inert gas addition increases the reactant gas flow
rate until the added inert gas arrives a the cell. During this
time region the inert gas does not flow in the cell, and thus
the voltage shift at the time range is solely attributed to the
reactant flow rate. Since the reactant flow rate corresponds to
the utilization at a fixed current load, the voltage shift can be
expressed by the utilization, which is a ratio of the required
reactant amount according to Faraday’s law to the fed reactant
amount. In a previous work,® the following relations were
suggested (Eq. 5). The anodic overpotential is comprised of
overpotentials due to each reactant species,

0.5 0.5 0.5
Tan = 9u,Un, * dco,Yco, * dH,044,0 ©)
where qy=1.51[RT(iLs) 2, Y8/(n*F3a%Co 1) 2D 3], and the
subscript A denotes H,, CO,, and H,0, i is the current, L is
the electrode length, s is the cross-sectiona area of the gas
channels, v is the kinematic viscosity, a is the geometrical sur-

face area, Dg is the gas-phase diffusivity, and other symbols
have their usua meaning.

0.5
Then, n,,= Gl , (6)
.5 .5
where qsz aq+ 5(1) q(:o2 +§g qHZO’ UCO2=§1UH2, quo = QZZUH2

Finaly, the voltage shift by the utilization change can be
expressed as follows,

AV| :V2 - Vl = 773n,1 - 773n,2 = qlqu.1O‘5 - qlqu,ZO-S (7)
If my=qyu,,>°, then
AV, = my - gyuy, 2° 8

More details can be found in a previous work.?)
Electrochemical Impedance Spectroscopy (EIS) was con-



a=7718k5t8)7), 4l 9, Al 2%, 2006 &

ducted with a Solartron 1287 Interface and a Solartron 1260
frequency response analyzer. Frequency was scanned from
1000 Hz to 0.1 Hz with 5mV rms at an open circuit state.

3. Results and Discussion

According to Eq. (5), the anodic overpotential is the sum of
the flow-rate-induced overpotentials of each reactant species.
Thus, a large flow rate of the species reduces utilization and
anodic overpotential. This assumption is demonstrated with
different flow rates of the species. Fig. 1 shows some results of
steady state polarization at a standard anode gas inlet compo-
sition, H,:CO,:H,0=0.69:0.17:0.14 atm and an equal com-
position H,:CO,:H,0=0.33:0.33:0.33 atm. Lower OCV is
observed at the equal composition than at the standard gas
composition due to the increased CO, and H,O partial pres-
sures. Table 1 compares the measured and calculated OCVs
according to Eq. (4). Good agreement is observed between the
measured and calculated OCVs.

With increasing current density, a voltage decrease is
observed. The difference between OCV and voltage at the
polarization state is the total voltage loss (7). The totd voltage
loss is ascribed to the ohmic loss due to the electrical resis-
tance at the cell components and overpotential due to the
electrochemical reaction resistance at the electrodes. A
milder voltage slope is observed at the equal gas composi-
tion, which indicates the total voltage loss at the equa gas
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Fig. 1. Seady state polarization results with different anode gas
compositions of H,: CO,: H,0=0.69:0.17:0.14 atm (called Sandard
gas composition) and H,: CO,:H,0=0.33:0.33:0.33 atm (called Equal
gas composition) at a 0.17 I/min of fixed H, flow rate, cathode flow
rate of 0.8831/min (Air:C0,=0.7:0.3 atm), 923K, 1 atm.

Table 1. Comparisons of calculated and measured OCV at the
standard gas composition (H,: CO,:H,0=0.69:0.17:0.14 atm) and
equal gas composition (H,:CO,:H,0=0.33:0.33:0.33 atm) at the
cathode gas composition of Air:C0O,=0.7:0.3 atm, 923K, 1 atm.

Caculated OCV /V ~ Measured OCV /V
Standard gas 1.073 1.074
Equal gas 0.969 0.976

composition is less than that at the standard gas composition
(7eqi < Nsw). This implies that the anode gas composition
affects the anodic overpotential, and the overpotential
decreases at higher H,O and CO, flow rates.

It has been suggested that the anode reaction is mainly a
gas-phase mass-transfer control process and each reactant
species can be attributed to the anodic overpotential .©

_ v RT (1
Nan = M, * Nico, t 0= %' 2F%ac (kG A) ©)
0,A ©C

where subscript A denotes H,, CO,, and H,O reaction spe-
cies, and kea ( =0.664(v; /L) %(Dg 07 3(vp) "% is a
gas-phase mass-transfer coefficient. In this equation, a is the
geometrical surface area, vsa is the gas velocity, L is the
electrode length, Dga is the gas-phase diffusivity, v is the
kinematic viscosity, and other subscripts have their usual
meaning.

In addition, RA measurement revealed that considerable
overpotential due to the CO, and H,O species existed at a
standard anode gas composition (H,:CO,:H,0=0.69:0.17:
0.14 atm) compared with H, species.™ Further, overpotential
depended on the flow rate rather than the partial pressure of
the species.

A previous work reported that RA measurement yields
information on the overpotential induced by each reactant
species.™ Fig. 2 provides a comparison of the RA results by
the addition of 0.31/min of CO, to the standard and equal
anode gas compositions. At an open circuit state, the CO,
addition decreases OCV according to Eq. (4). Since the addi-
tion port is located at a distance from the cell, the OCV
reduction occurs after several seconds delay. The OCV dif-
ference before and after the addition is represented by 4E.
At a polarization state, two voltage peaks, a 5 and 40 sec-
onds, which were ascribed to the flow rate change of the
reactants by the addition, are observed. A voltage decrease
by the CO, addition is aso obtained at around 20 seconds.
The voltage difference at a polarization state before and after
the addition is AVR Thus, AV (=4Vp- AE) represents kinetic
information by the addition of a reactant species in terms of
the overpotential. A positive 4V value indicates that the
overpotential decreases by the reactant gas addition due to
the enhanced mass-transfer rate. From Fig. 2(a), 4E is more
negative than AVp, which leads to a positive AV. Thus, the
CO, addition to the anode reduces the mass-transfer resis-
tance of the CO, species. The RA measurement at equal gas
composition (Fig. 2b) shows similarity between OCV and
voltage shift patterns by 0.3 I/min of CO, addition. Since the
total flow rate of the equal composition (ca. 0.51 I/min) was
about two times the standard composition (ca. 0.25 I/min), the
partial pressure change at the equal gas composition is rela
tively small compared with that at the standard composition
by 0.31/min of CO, addition. This leads to a small OCV
decrease and voltage shifts, as shown in Fig. 2(b). Faster
voltage relaxations at around 10 and 50 seconds as well as
narrower voltage peaks at 5 and 35 seconds are also
observed at the equal gas composition. Because of the
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Fig. 2. RA results with 0.31/min of CO, addition to the different
anode gas compositions at a 0.17I/min of fixed H, flow rate,
cathode flow rate of 0.8831/min (Air:CO,=0.7:0.3atm), 923K, 1
atm. (a) Sandard anode gas composition of H,:CO,:H,0=0.69:
0.17:0.14 atm, (b) Equal gas composition of H,:CO,:H,0=0.33:
0.33:0.33 atm.

smaler AE and AVR a very smal AV is expected at the equal
gas composition.

Fig. 3 compares AVco, With respect to the CO, addition
amount at the standard and equal gas compositions. Very
high AVce, is observed at the standard composition, whereas
AVcoy is close to zero at the equal gas composition. The high
AVco, a the standard gas composition reflects the existence
of considerable overpotential due to the CO, species. How-
ever, increases in the CO, flow rate at the equa gas compo-
sition reduce A4Vco, and overpotential. Independence of
ANVcop on the CO, addition amount also indicates that anodic
overpotentia has very little dependence on the partia pres-
sure of the reactant species. Negative AVco, values over
0.31/min of CO, addition rate at the equal gas composition
are likely due to obstruction of the mass transfer of H, and
H,O species by the excess amount of CO,. These results
imply that the large overpotential at the standard composition
is attributed to the low flow rate of CO, species.

Fig. 4 shows AV at the standard and equal gas compo-
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Fig. 3. Vcoz With RA measurement as a function of CO, addition
rate to the standard anode gas composition (H,:CO,:H,O=0.69:
0.17:0.14 atm) and equal gas composition (H,: CO,:H,0=0.33:0.33
:0.33atm) at the cathode flow rate of 0.8831/min (Air:CO,=0.7:
0.3atm), 923K, 1atm.
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Fig. 4. V0 with steady state polarization as a function of H,O
concentration at the standard anode gas composition (H,: CO,: H,0O
=0.69:0.17:0.14 atm) and equal gas composition (H,:CO,:H,0O=
0.33:0.33:0.33atm) at the cathode flow rate of 0.8831/min (Air:
C0,=0.7:0.3atm), 923K, L atm.

sitions. Direct quantitative addition of H,O to the anode is
experimentally difficult, thus AV0 was estimated by steady
state polarization (SSP). As shown in Fig. 1, the SSP shows
OCV and voltage with respect to the current. In principle,
AVyp0=AVph2o - AEn20; therefore, comparison of the SSP
results at the open circuit state and polarization state with a
function of different H,O concentration can give AE,0 and
AVpnoo, respectively. In this work, the SSP results were
obtained at 53°C humidifier temperature, corresponding to
14% of H,0, and at 90°C humidifier temperature (70% of
H,0). 4E0 and AVpyo Were obtained by comparison with
14% H,0 concentration. At the standard gas composition
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AVpo increases with H,O concentration, indicating signifi-
cant overpotential exists due to the H,O species and overpo-
tential decreases with the H,O concentration. On the
contrary, very small AVyyo is observed at the equal gas com-
position. In addition, AV},,0 shows less dependence on the
H,O concentration, which suggests that a sufficient flow rate
of H,O leads to a very small overpotential due to the species
a the anode. These results indicate that the large overpoten-
tial due to the H,O species at the standard composition is
attributed to its low flow rate.

Figs. 5 (&) and (b) are RA results by 0.3 I/min of H, addi-
tion to the standard and equal gas compositions. Open circuit

27 71— 5

Voltage / V
w £
unu | / 9381 womppE “H

[N

-

Time /s

(@)

[4

R | / 981 vonippe

Voltage / V

1

Time /s

()

Fig. 5. Results of RA measurement with H, addition rate (0.3 I/min)
to the different anode gas compositions at the cathode flow rate of
0.883 I/min (Air:C0,=0.7:0.3atm), 923K, 1 atm. (a) Sandard gas
composition of H,:CO,:H,0=0.69:0.17:0.14 atm, (b) Equal gas
composition of H,: CO,:H,0=0.33:0.33:0.33 atm.

voltage increases by the H, addition according to Eq. (4).
The onset of OCV with several seconds delay is attributed to
the installation of the addition port ahead of the cell. At 15
A of polarization state, clear voltage shifts are observed at
both gas compositions. In particular, two voltage shoulders
are observed, which are due to the flow rate change of the
reactants by the H, addition. Larger reactant flow rate at the
equal gas composition leads to smaller and narrower voltage
shoulders. Consequently, the H, addition gives clear voltage
shifts, 4E;, and AVpy,, a both gas compositions, and thus
AV, can be estimated.

Fig. 6 compares AV}, at the standard and equal gas com-
positions. Contrary to the cases of CO, and H,O addition,
larger AV, is observed at the equal gas composition. Since
the AV, value represents overpotential due to the species,
larger overpotential exists at the equal gas composition. Two
explanations are available for this behavior. One is the reduc-
tion of the mass-transfer rate of the H, species by the
increased CO, and H,O at the equal gas composition.
According to the Maxwell-Stefan equation, diffusion coeffi-
cients at the multi components are affected by the partial
pressures of the species.’® Increased CO, and H,O partial
pressures at the equal gas composition lead to a smaller H,
diffusivity. The other reason is lower H, flow rate in the cell
a the equal gas composition. The anode gas composition in
the cell is balanced by the water-gas-shift reaction (H,+CO,
= H,0+CO) as shown in the Table 2, thus the equal compo-
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Fig. 6. Vi, with RA measurement as a function of H, addition rate
to the standard gas composition (H,:CO2:H,0=0.69:0.17:0.14 atm)
and equal gas composition (H,:CO,:H,0=0.33:0.33:0.33 atm) at the
cathode flow rate of 0.8831/min (Air:C0O,=0.7:0.3 atm), 923K, 1 atm.

Table 2. Anode gas flow rates and compositions in the feed and those in the cell balanced by the water-gas-shift reaction at the standard and

equal gas compositions at 923K, 1 atm.

Feed flow rates and compositions

Balanced flow rates and compositionsin the cell

Standard gas (=0.69:0.17:0.14 atm)

H.:CO,:H,0=0.174:0.043:0.035 |/min

H,:CO,:H,0:C0=0.149:0.019:0.060:0.025 I/min
(=0.59:0.08:0.24:0.10 atm)

Equdl gas (=0.33:0.33:0.33 atm)

H»:CO,:H,0=0.174:0.174:0.174 |/min

H,:CO,:H,0:C0=0.132:0.132:0.216:0.042 |/min
(=0.25:0.25:0.41:0.08 atm)
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sition gives less H, flow rate than the standard composition
in the cell.

Figs. 7(8) and (b) are inert gas step addition (ISA) results
by the addition of 0.41/min of N, to the anode. Two charac-
teristic voltage peaks are observed, which result from flow
rate changes by the N, addition. Since the inert gas addition
port is located at a distance from the cell, the N, addition
increases the reactant flow rate while nitrogen reaches the
cell and results in the “a@’ peak. The height of the “a’ peak
(4Vv)) represents the overpotential decrease by the flow rate
increase, as shown in Eq. (7). Since the utilization is the
ratio between the required amounts to the fed amount at the
current load, the flow rate increase by the N, addition
reduces the utilization. In addition, the utilization is inversely
proportional to the flow rate, and thus the peak height can be
expressed as Eg. (8). At the two gas compositions, two volt-
age peaks are observed. The equal gas composition has a
larger flow rate, and thus the same amount of N, addition
reduces utilization differently and equa gas composition has
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Fig. 7. ISA results at the addition of 0.41/min N, to the different
anode gas compositions at the cathode flow rate of 0.8831/min
(Air:C0O,=0.7:0.3 atm), 923K, 1 atm, and 15A of current load. (a)
Standard gas composition of H,:CO,:H,0=0.69:0.17:0.14 atm, (b)
Equal gas composition of H,:CO,:H,0=0.33:0.33:0.33 atm.
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Fig. 8. Relations of Eq. (8) by the addition of N, to the standard gas
composition (H»:CO2:H,0=0.69:0.17:0.14 atm) and equal gas
composition (H,:CO4:H,0=0.33:0.33:0.33 atm).

a smaller utilization shift according to Eq. (10).

vc,A Vg
uzyA = m(m) (10)

where i =Xt a, SUbsCript A is reactant species, v and v
are required and feed flow rate, respectively, and v, is the
inert gas flow rate. Therefore, a smaller “a’ voltage peak is
observed at the equal gas composition.

Fig. 8 shows the relation of Eq. (8) with the height of the
“a peak (4V)). At the same N, addition range, smaller utili-
zation changes are observed at the equal gas composition.
The q; value at the standard composition is about 185 mV,
which is much larger than the previous result of ca.
159 mV.19 Since the g, value represents the mass-transfer
effect through the porous electrode, a larger q; value indi-
cates that the anode in this work is likely more complicated
and gives lower diffusivity. This suggests that the anode
structure may give additional overpotential through the mass-
transfer resistance. On the other hand, a much smaller q;
value of ca. 114 mV is aso observed at the equal gas com-
position, which indicates that the mass-transfer resistance at
the anode is mitigated at higher CO, and H,O flow rates.
Thisisin line with the results obtained by SSP and RA mea
surements in this work.

As another experiment for the anode reaction, Electro-
chemica Impedance Spectroscopy (EIS) was conducted with
a 100 cm? class MCFC single cell. In principle, the EIS rep-
resents the electrode reaction kinetics and is a powerful tool
for kinetic research. Numerous works have been done with
EIS measurement in MCFC research. Among them, Lee et
al., reported two semi-circles ascribed to cathodic and anodic
reaction resistances with a 100 cm? class MCFC; the high
frequency semi-circle reflects the cathodic mass-transfer rate
and the low freguency semi-circle represents anodic resis-
tance.’? Fig. 9 compares the EIS results measured at the two
gas compositions, revealing a decrease in the lower fre-
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Fig. 9. Cole-Cole plot with EIS measurement at the standard gas
composition (H»:CO,:H,0=0.69:0.17:0.14 atm) and equal gas com-
position (H,:C0O2:H,0=0.33:0.33:0.33 atm) in the frequency range
of 1kHzto 0.1 Hz at OCV with 5mV rmssignal and at the cathode
flow rate of 0.8831/min (Air:C0,=0.7:0.3 atm), 923K, 1 atm.

quency semi-circle by the CO, and H,O flow rate increase.
This reflects kinetic aspects of the anode reaction wherein
CO, and H,0O additions reduce the mass-transfer resistance at
the anode and the lower frequency semi-circle represents the
gas phase mass-transfer effect.

In this work, results from SSP, RA, ISA, and EIS consis-
tently shown that the CO, and H,O species in the anode are
related to the anodic reaction and increase of their flow rates
reduces mass-transfer resistance and, subsequently, overpo-
tential.

Conclusion

Anodic reaction characteristics have been investigated
through the overpotential at standard (H,:CO,:H,0=0.69:
0.17:0.14 am) and equa (H,:CO,:H,0=0.33:0.33:0.33 am)
compositions while maintaining a constant H, flow rate.
Steady state polarization, reactant gas addition (RA), inert

gas step addition (ISA), and electrochemical impedance
spectroscopy (EIS) have been employed in this work. These
methods revealed that the anodic overpotential is comprised
of each overpotential due to the reactant species, H,, CO,,
and H,0O. Anodic overpotential decreases with increasing
flow rate of CO, and H,O species, indicating that the rela-
tively large overpotential at the standard composition is
attributed to the low flow rate of those species. Overpotential
due to the H, species increases at a larger amount of CO,
and H,0, likely due to reduced H, diffusivity by the enlarged
CO, and H,O amounts. ISA gave quantitative information of
overpotential at both gas compositions. EIS aso showed the
flow rate effect of CO, and H,O clearly on the Cole-Cole
plot. The lower frequency half circle is reduced by the
increase of CO, and H,O flow rates without affecting the high
frequency semi-circle.
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