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In situ mass spectroscopy with a capillary probe was conducted for the anode gas layer of a semi-passive
direct methanol fuel cell (DMFC) employing a porous carbon plate (PCP) in order to evaluate the gas
composition in contact with the anode. Different types of PCPs were used for the DMFC, and then the
relationship between the gas composition in the gas layer and the current density was investigated. The
profiles of the CO, gas pressure, methanol and water vapor pressures were discussed on the basis of
the current density and the resistance for the methanol and CO, transport through the PCP. The current
density linearly and identically increased with the increase in the partial pressure of methanol, Pcy,on, in
the gas layer up to 7.5 kPa irrespective of the type of the PCP suggesting that the current was a function
of Pcy,0n and it was rate limited by the methanol transport to the anode. The calculated liquid methanol
concentration equivalent to the measured gas mixture in the gas layer was about 5-7 M in the optimum
conditions. This confirmed that the actual methanol activity on the anode of the DMFC with the PCP
was controlled by the PCP and was similar to that of the usual liquid feed DMFC even when a very high
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concentration of methanol was in the reservoir.
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1. Introduction

The direct methanol fuel cell (DMFC) based on a polymer
electrolyte membrane has received much attention as a lead-
ing candidate for power source applications because of its high
energy density and energy-conversion efficiency [1-5]. However,
the commercialization of the DMFC is still hindered by several
technological problems [6-8] including methanol crossover (MCO)
through the polymer membrane, low electro-catalytic activity of
methanol oxidation on the anode [9] and severe cathode flooding
[10].

As a result of the MCO, the low concentrations of methanol
from 1 to 3M [11,12,27] under active conditions and about 5M
[13-15,28] under passive conditions have generally shown a maxi-
mum performance in the power generation of the DMFC operation.
The difference in the optimum concentration between the active
and passive conditions must be mainly due to the difference in the
mass transfer situation of methanol from the reservoir or flow field
to the anode surface, and actual activity of the methanol at the
anode surface for the maximum performance would be similar to
each other. Actually, by applying a porous carbon plate (PCP) at
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the anode [16-20], the optimum concentration increased to 16 M
or higher, even to 100% methanol, by controlling mass transport
of methanol with the PCP. This technique was quite effective to
increase the energy density of the DMFC system [19]. In the elec-
trode with PCP, a gas layer with CO, formed on the anode surface by
the accumulation of CO, gas produced at the anode in a thin empty
space between the anode and PCP, and hence, methanol was forced
to transport in the vapor phase. A previous paper reported that the
gas layer plays an important role in the reduction of MCO and the
stabilization of the power generation of the DMFC [17]. Therefore,
we understood that the passive DMFC with PCP was substantially
operated as a vapor feed DMFC. We have considered that the actual
methanol activity on the anode surface of the DMFC with PCP would
be similar to that of the conventional DMFC without PCP. However,
the gas composition in the gas layer has not yet been measured or
confirmed. One of the main objectives of this paper is to measure
the gas composition in the gas layer formed on the anode surface
of the DMFC with PCP.

For the vapor feed DMFC, a small number of research stud-
ies have been reported [21,22,25]. It has the potential for shorter
start-up times, because the mass diffusivity is several orders of
magnitude greater than that in the liquid phase [23]. However,
for high temperature operations, a limitation will arise when using
additional equipment such as a heater, pump or vaporizer to vapor-
ize the liquid methanol. The utilization of the additional equipment
decreases the system efficiency [24], and it is incompatible with the
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Table 1
PCPs properties.

PCP Thickness (mm) Bubble point pressure (kPa) Average pore diameter (m) Darcy constant, k (m?) Resistance, R (m~1)
Y1 1.0 7.0 19 42E-14 24E+10
Y15 1.5 2.0 10.6 31E-13 49E+09
Y2A 2.0 4.7 1.6 2.5E-13 8.1E+09
Y2B 2.0 11 17.3 8.7E-13 2.3E+09

need for passive approaches for a portable DMFC. Recently, a vapor
feed DMFC that was passively operated at ambient temperature
was reported by some researchers [16-20,26]. However, they did
not mention or study the vapor pressure of methanol in the anode
chamber. In such a vapor feed DMFC, water management is some-
times critical for the power generation performance [24]. Not only
the methanol vapor pressure, but also the water vapor pressure
would affect the power generation.

In this study, we investigated the gas composition of the anode
gas layer for the DMFC with PCP by in situ mass spectrometry.
Different conditions of the gas layer were prepared using various
methanol concentrations up to 100% and different types of PCPs
with different resistance for the methanol transport. The vapor
pressure of the gas components, i.e., methanol, water, and other
gasses including the reaction products, in the anode gas layer was
directly measured by mass spectrometry with a capillary probe. The
relationship between the gas condition in the gas layer and DMFC
performance was discussed on the basis of the methanol and water
vapor pressures, while the formation of the reaction products will
be described in the following paper, Part II.

2. Experimental
2.1. Semi-passive DMFC with a PCP

Four types of PCPs supplied from Mitsubishi Pencil Co. Ltd., were
used in the DMFC in this study. The perm-porosimeter (Porous
Materials Inc.) was used for the measurement of the properties of
PCP, i.e., resistivity to a fluid flow through the PCP and the pore struc-
ture like pore diameter. Darcy constant’s, k (= FuL/(AAP), where, F,
volumetric flow rate of the fluid; u, viscosity of the fluid; L, thick-
ness of the porous plate; A, surface area; AP, pressure drop through
the plate), for air flow was obtained, and the bubble point pressure
was also measured using Galwick solution with surface tension
15.7 dyne cm~! for the different PCP. The analyzed properties for
the different PCPs are shown in Table 1. By using these PCPs with
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Gas bag
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different resistances for the methanol transport through it, the gas
composition in the anode gas layer was varied, especially for the
vapor pressures of methanol and water that would directly affect
the DMFC performance. The resistance, R (=L/k), shown in the table
was calculated based on the Darcy constant, k, and the thickness, L,
and was used as an indicator to show the resistance of the methanol
transport through the PCP.

Meanwhile, MEA with a 5cm? area, in which Pt and Pt-Ru black
were used as the catalyst for the cathode and anode, respectively,
was prepared in the same manner as described in our previous
papers [16-20]. The catalyst loading was 10mgcm~2 for Pt and
12 mg cm~2 for Pt-Ru while Nafion 112 was used as the membrane
electrolyte.

The semi-passive DMFC employing PCP used in this study was
similar to our previous DMFC [20] and the schematic is shown
in Fig. 1. For the gas sampling, we made a slight modification in
our previous cell by putting a gas spacer, with a 3.0 mm thickness,
between the PCP and the anode current collector. Therefore, the
space for the anode gas layer was increased by 3.0 mm when com-
pared to the original cell structure. The capillary probe from the
mass spectrometer was inserted through a hole in the spacer and
placed in the middle of the space for the gas layer as shown in Fig. 1.
The cathode was covered with a thin chamber, and oxygen from a
cylinder was flowed through the chamber in order to collect the
exhaust gas.

2.2. Evaluation of the methanol and water flux

The average methanol flux, i.e., MCO, and water flux through
the MEA during the cell operation at a constant cell voltage for the
certain time, i.e., the i-t measurement for 4 h, were evaluated on
the basis of the losses of methanol and water in the reservoir sub-
tracted by the amounts that used for the anode reaction assuming
the complete oxidation of methanol to CO, as follows,

CH30H + Hy0 — CO, + 6H™ +6e~

Electrochemical

measurement system

Fig. 1. Experimental setup that combined a passive DMFC with PCP and a mass spectrometer.
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Relative abundance intensity of mass spectra results for possible components present in the anode gas layer (m/z=18-75).

Mother molecule Mass per charge (m/z)

18 22 28 29 30 31 32 40 44 45 46 47 60 75
Methanol 0.008 - 0.05 0.45 0.066 1.00 0.67 - - - - - - -
Water 1.00 - = - - - - - = - = - - =
Formaldehyde - - 0.23 1.00 0.58 0.00 0.00 - - - - - - -
Formic acid - - 0.17 1.00 0.017 0.006 0.002 - 0.10 0.48 0.61 - - -
Methylformate 0.01 - 0.05 0.46 0.06 1.00 0.46 - 0.013 0.009 0.001 - 0.38 -
Methylal 0.001 - 0.02 0.44 0.03 0.12 0.006 - 0.024 1.00 0.022 0.032 - 0.44
Carbon dioxide - 0.019 0.06 - - - - - 1.00 0.012 0.004 - - -
Carbon monoxide - - 1.00 0.02 - - - - - - - - - -
Oxygen - - - - - - 1.00 - - - - - - -
Nitrogen = = 1.00 0.01 = = = = = = = = = =
Argon - - - - - - - 1.00 - - - - - -

To do this, a weight loss of the solution in the reservoir was mea-
sured, and concentrations of methanol and water in the solution
were analyzed before and after the cell operation using a gas chro-
matography with TCD detector and a Porapack-T column. Then, the
charge passed also was calculated by integrating the area of i-t
curve. The procedure of evaluation of the fluxes was described in
detailed in our previous paper [17].

2.3. DMFC operation and gas analysis

The experimental setup for the analysis of the gas components
during the DMFC operation is shown in Fig. 1. The DMFC with
the PCP was operated by injecting a methanol solution with a
certain concentration into the reservoir and by feeding oxygen
to the cathode at 35mlmin~! under ambient conditions. Power
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generation was conducted at a certain cell voltage over 4h. The
electrochemical performance of the cell was measured using an
HZ3000 electrochemical measurement system (Hokuto Co. Ltd.).
The cell temperature was measured at the surface of the cathode
by a thermocouple.

For the mass spectral analysis of the gas in the layer, a
quadrupole mass spectrometer (DME 100 MS, Ametek Process
Instruments) with a capillary probe was used. The mass spec-
trometer consisted of a quadrupole mass analyzer using a Faraday
cup detector with the mass resolution of m/z 0.5atomic mass
units (AMU) at 10% height and a mass range up to 100 AMU.
The Faraday cup detector enables partial pressure measurements
from 10~ mbar to ultrahigh vacuum, 1012 mbar. The stability of
the mass unit and peak height was high and the error percent-
age contributions for these stabilities were only +0.1% and +2.0%,
respectively. The spectrometer utilized an electron impact (EI) ion-
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Fig. 2. Current density profiles during cell operation at high methanol concentrations and 0.1 V with different types of PCPs (a) Y1, (b) Y1.5, (c) Y2A and (d) Y2B.
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Fig. 3. Current density profiles at 2 h steady state condition for different methanol
concentrations and different types of PCPs.

ization source and the quadrupole mass spectrometer that was
connected to the capillary probe having a 1 m length and 30 pm
inner diameters. The capillary probe was placed in the middle
of the anode gas layer during cell operation. Data collection was
achieved using the fully developed mass spectrometry software
DYCOR SYSTEM 2000 and the DYMAXION series DYCOR SYSTEM
2000.

2.4. Calibration for the mass spectrometry

The data collection from the mass spectrometer provided the
mass spectrum profile (ion current intensity versus mass per
charge, m/z). The calibration experiments for the conversion of the
ion current intensity into vapor pressure was conducted to deter-
mine the sensitivity factor for each component by measuring the
vapor pressure of the pure component under a certain condition
or standard gas of which the composition had been analyzed. For
the possible species, such as methanol, water and reaction prod-
ucts including methylformate, formaldehyde and formic acid, the
liquid pure component of about 250 ml was placed in a 500 ml bot-
tle which was nearly closed and then immersed in a water bath.
The gas atmosphere in the bottle was measured using the capillary
probe, and then the sensitivity for the species was obtained on the
basis of the vapor pressure calculated under the stated condition.
On the other hand, for the gaseous species, such as carbon diox-
ide, CO,; oxygen, O, and nitrogen, N», a calibration was carried out
using the standard gas.

The relative abundance data, shown in Table 2, for the possi-
ble species in this experiment were taken from the NIST Chemistry
WebBook [29] and were used for the quantitative analysis. Although
most of these possible species give common mass fragments at
m/z=1 for hydrogen, [H]*, m/z=12 for carbon, [C]* and m/z=16
for oxygen [O]*, we have omitted these fragments in the calcula-
tion for a simple treatment, and considered the mass fragments
in the range 18 <my/z <75 as shown in the table. The contribution
in the ion intensity of each component for a certain mass frag-
ment was separated using the relative abundance data and the
ion intensities at different mass fragments. The vapor pressure or
partial pressure of each component was then calculated from the
contribution in the ion intensity for the main mass fragment of
the component using the sensitive factor obtained by the calibra-
tion.

1.4E-09
(a)
1.2E-09 4
m/z, ion intensity

E 1.0E-09 4
= 8.0E-10
£ B.0E-10 1
e
2 60E-10
E M 28, 1.20E09
= 32, 1L.96E -0
L 4.0E-10 A 18, 1.736-11 || 40, 2,208 11 44, 5.78E-10

2.0E-10 4

0.0E+00 — Ao

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Mass per charge [m/z]
1.2E-09
b)

1.0E-09 A
q: 8.0E-10 4
.‘% 28, 6.87E-11
S 6.0E-10 4 29, 7.57E-11
E 30, 1.29E-11 44, 1.10E09
£ 4.0E-10 4 18, 6.37E-11 31, 2.07E-10 45, 1.54E-11
2 22, 1.69E-11 32, 1.36E-10 60, 9.08E-12

2.0E-10 /\M

U.0E+00‘..“/.\A-. —r—r—r—r—t—Tr—r

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Mass per charge [m/z]

Fig.4. Mass spectrum at 1-80 AMU for the anode gas layer using neat methanol and
Y1 for the cell operation at a certain time (a) 2 min and (b) 2 h.

3. Results and discussion
3.1. Current density profile

Fig. 2 shows the profiles of the current density with time for
the DMFC using different PCPs at high methanol concentrations
above 16 M. The operation using such high methanol concentra-
tions in the DMFC was enabled with PCP that controls the rate of
methanol transport. For all the cases in this figure, at the begin-
ning of cell operation, the current densities showed unstable values
with largely decreasing or sometime increasing before became sta-
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Fig. 6. Component species in the gas layer detected by the mass spectrometry during cell operation for neat methanol and different PCP types (a) Y1, (b) Y1.5, (¢) Y2A and (d)

Y2B.

ble with time. The unstable current density would be related to the
initial methanol that accumulated in the PCP under the open circuit
conditions and has been explained in our previous reports [18,19].
From the figure, after 7200 s operation, the stable current densities
increased with the increasing methanol concentration except the
case of using Y2B as shown in Fig. 2 (d). When the stable current
densities proportionally increased with increasing current density,
the current density must be determined by the rate of methanol
transport to the anode, i.e., the rate of methanol transport through
the PCP. The current densities at 2 h in the measurement of Fig. 2
were summarized in Fig. 3 including additional data obtained at
low methanol concentrations below 16 M.

As clear from Fig. 3, it was a linear dependence of current density
on methanol concentration, up to neat in case of Y1, 20 M in case
of Y2A and Y1.5 while up to 16 M in case of Y2B. After 20 M, in
case of Y2A and Y1.5, there was still a linear dependence of current
density on methanol concentration but with different slope up to
neat. Meanwhile, in the case of Y2B a large difference of slope until
20 M, then negative slope appeared up to neat.

The linear dependence of current density on the concentration
suggested that the cell operation was under the rate controlling by
the methanol transport, and the reciprocal of the slope of the line
corresponds to the resistance for the methanol transport for the PCP.
When the slope of the straight line in Fig. 3 was compared with the
resistance, R, for the PCP shown in Table 1, one can see a very good
correlation between them, suggesting that the methanol transport
through the PCP was governed by the Darcy’s Law. The steeper
the slope the higher the resistance, Y1(R=2.4E+10m~1)>Y2A
(81E+9m~1)>Y1.5(4.9E+9m~1)>Y2B (2.3E+9m~1). For specific
PCPs, Y2A and Y2B, the bend of the line means the change of the

rate controlling step. We understood that either the electrode reac-
tion or water supply to the anode would be the rate controlling step
at higher methanol concentrations instead of the methanol supply.
The change of the slope at 16 M for the case of Y2B would be due to
high MCO occurred that could not controlled by that PCP. This was
because the cell temperature increased, over 5°C comparing with
the cases at lower concentration, at 20 M for the case of Y2B. On the
other hand, the negative slope over 20 M would be caused by water
deficient at the anode.

3.2. Component detected by mass spectrometry

Fig. 4 shows the ion current profiles for the mass fragment, m/z,
in the range 1-80 AMU in the anode gas layer obtained at 2 min;
Fig. 4 (a), and at 2 h; Fig. 4 (b), using Y1. At the beginning of the
operation, below 1 min, not shown in the Fig. 4, the air compo-
nent dominated the anode gas layer. At 2 min, Fig. 4 (a), the peak at
my/z=44, [CO,]*, for CO, which is produced by the anode reaction
clearly appeared with the main peaks at m/z=28 for nitrogen, [N, ]*,
and at m/z=32 for oxygen, [0,]*, in the gas layer as shown in Fig. 4
(a). With time, the vapor pressures of methanol, m/z=31, [CH30]*,
and water, m/z=18, [H,0]*, increased, while the partial pressures
of oxygen and nitrogen decreased by replacing them with CO, and
the methanol as well as the water vapors as shown in Fig. 4 (b). As
shown in the figure, the peaks for m/z=29 and 30 also increased due
to the contribution of the relative abundance of methanol as shown
in Table 2. Another minor peak was found at m/z=60, for methyl-
formate, [HCOOCH3]*, as a minor reaction product. We evaluated
not only the major components like CO,, methanol and water, but
also the minor products of the methanol oxidation, the behavior of
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these minor products are not discussed in this paper. That will be
discussed in the following paper, Part II.

As an example of the original profile of the ion current intensity
in a logarithmic scale for the real time operation, the profile for the
4 h DMFC operation with Y1 at 24.7 M is shown in Fig. 5. The figure
includes the profiles for the several major mass fragments, m/z=18,
29,30, 31,44 and 60, and also the current density obtained from the
DMFC. It was confirmed that the m/z =44, mostly for CO,, always
dominated the anode gas layer during the cell operation. The CO; in
the gas layer plays an important role as a barrier to prevent a high
MCO through the membrane as mentioned in the previous papers
[16-18].

3.3. Gas composition in the anode gas layer

Fig. 6 shows the time profiles of the partial pressures for the main
components present in the gas layer of the DMFC operated at 100%
(24.7 M) methanol in the reservoir. By comparing Fig. 6(a) to (d) for
the different PCPs, it was common, among the different PCPs, that
the main component was CO,, followed by methanol and water, and
the partial pressures of Ny, Pn2, and O,, Po;, were negligibly small.
It was clear from the figure that the partial pressure of methanol,
Pch,0H, and the other components were different from each other
depending on the PCP used. This would be related to the difference
in the resistance of the PCP for the methanol transport through the
PCP as mentioned before. The Pcy,on at 2 h, at a steady state, was
increased from 3.6 kPa for Y1, 7.9 kPa for Y2A, 10.0 kPa for Y1.5, and
22.9 kPa for Y2B. The increasing of Pcy,0n would be related to the
decreasing of the PCPs resistance, R, in the same order Y1, Y2A, Y1.5
and Y2B, as shown in Fig. 3.

In Fig. 6, the time profile of the current density during the oper-
ation was also included. The profile of current density was strongly
correlated with Pcy,on and the partial pressure of COy, Pco, . This
correlation is easily understood because methanol and CO, are the
reactant and the product of the anode reaction, respectively. As
cell operated under limiting current, hence, the current density
increased with the increasing Pcy,on.

At the beginning of the operation, the initial current density
was high due to the sufficient methanol in the PCP, as we men-
tioned above. Hence, the Pco, was initially high. For the gas layer
formed in the space between the anode and the PCP, the total
pressure was determined from the balance between the produc-
tion rate of CO, and other gases and the pressure drop for the gas
flow out through the PCP. After a few minutes from the start, the
current density was controlled by the rate of methanol transport
through the PCP, and hence, Pco, was controlled. The Pco, at 2h
were 92 kPa for Y1, 81 kPa for Y2A, 78 kPa for Y1.5 and 77 kPa for
Y2B. The decreasing of Pco, in this order would be related to the
decreasing of the PCP resistance to the gas flow, i.e., bubble point
pressures which were in the same order of decreasing of 7.04 kPa
for Y1, 4.65 kPa for Y2A, 2.01 kPa for Y1.5 and 1.10 for Y2B as shown
in Table 1.

With respect to water, the vapor pressure, Py,o, gradually
increased with time. This would be related to the effect of the back
diffusion of water from the cathode to the anode as reported in our
previous paper [17]. This phenomenon would gradually increase
the Py,0 in the anode gas layer with time. This condition contin-
ued until 3600-7200 s before it became nearly constant, i.e., steady
state.

Fig. 7 shows the vapor pressure of methanol and water in
the DMFC for different PCPs measured at 2h as a function of
the methanol concentration in the reservoir. For all the PCPs, the
methanol and water vapor pressures had a tendency to increase
with the increasing methanol concentrations in the reservoir. This
tendency was varied from one PCP to another depending on its
resistance. In the case of Py, o, the increasing value would be related
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Fig. 7. Methanol and water vapor pressure in the anode gas layer using different
types of PCPs and methanol concentrations in the reservoir.

to the water back diffusion. As cell operated under limiting current,
the current density increased with increasing methanol concentra-
tion thereby water back diffusion would be increased.

3.4. Relationship between the current density and the methanol
vapor pressure

Fig. 8 shows the relationship between the Pcy,on in the gas layer
and the current density at 2 h. The current densities obtained from
the different PCPs were plotted along with the identical line irre-
spective of the PCP type. The current densities linearly increased
with increasing Pcy,on Up to a certain vapor pressure, 7.5 kPa, at
which 250 mA cm—2 was achieved. The Py, 0 measured with Pcy,oH
was also plotted in the figure using open symbols for the vertical
axis right hand side. We could not see any correlations between
Py,0 and the current density or Pcy,on- In the low Pcy,on region,
Pcyy0H < 7.5 kPa, the current densities were controlled by the rate
of methanol transport through the PCP. This is very clear from the
linear dependency of current density on Pcy,on. Otherwise, at a

300 20

T = & 1

250 f— T~
r" I

200 = '
B v b4

150 |— l" v

¢ O
100 = Oév
7 B Curr.den.

< [m]E Y1
50 % Y1.5
Y2A

Y2B

0 | | | 0
0 5 10 15 20 25

CH3OH vapor pressure at 2h [kPa]

01V — 10

T

(o001

Current density at 2h [mAcm'zl
L 4
H, O vapor pressure at 2h [kPa]

4¢He

Fig. 8. Current density profile and water vapor pressure at various methanol vapor
pressures in the gas layer with different PCP types.
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Fig. 9. Methanol and water transport through MEA at various methanol vapor pres-
sures in the gas layer with different PCP types (a) Methanol flux and (b) Water
flux.

high Pcy,on above 7.5 kPa, the current density decreased from the
maximum current density of 250 mA cm~2 with the increasing of
Pcy,0n- This means that the operation was not under limiting cur-
rent situation and a high MCO beyond this value occurred.

Fig. 9 shows the relationships among Pcy,on, methanol flux,
which corresponds to MCO, and the water flux during cell oper-

Table 3

ation. As shown in Fig. 9 (a), MCO increased with increasing Pcy, oH.
The value of MCO at Pcy,on = 7.5 kPa, where the change in the rate
determining step appeared as shown in Fig. 8, was shown to be
about 0.04gm~2s~!, This value of MCO corresponded to the value
at which the production rate of methylformate began to increase in
a similar passive DMFC used in our previous investigation [26]. This
supports the speculation that the rate determining process under
limiting current changed at Pcy,on = 7.5 kPa in these experiments.
Due to the increase in MCO, the cell temperature increased due to
the heat produced by the methanol oxidation at the cathode. The
measured cell temperature at the cathode surface was about 40,
45 and 50°C at 0.04, 0.06 and 0.10gm~2s~! in MCO, respectively.
Meanwhile, the temperature was in the range between 32 and 38 °C
at the methanol flux below 0.04 g m~2 s~ in this experiment. It was
also dependent on the MCO values in that range.

The water flux during the DMFC operation was plotted in Fig. 9
(b). In this study, for all the Pcy,on values, the water flux was neg-
ative indicating that the water back diffusion occurred from the
cathode to the anode through the membrane. The water back dif-
fusion linearly increased with the increasing Pcy,on until 10 kPa
where the water flux was —0.22gm~2s~!, and then it became
nearly constant in the range Pcy,on > 10 kPa. At the higher Py, on,
Pchy0n > 10KkPa, it was considered that the water was deficient in
the anode reaction.

3.4.1. Equivalent liquid methanol concentration
The liquid methanol concentrations that are equivalent for

the measured gas compositions, CO,-CH30H-H,O0, for the gas
layer were calculated based on the vapor-liquid equilibrium (VLE)
assuming an ideal vapor and a non-ideal liquid using the Van Laar
model [30]. Table 3 shows the liquid methanol concentrations cal-
culated as equivalent for the gas detected in these experiments.
The calculated equivalent liquid methanol concentration obtained
in case of 100% methanol in the reservoir was 4.9, 5.5, 4.9, 9.9M
for Y1, Y1.5, Y2A and Y2B, respectively. At the condition where the
current density showed the maximum value at 250 mA cm~2 for
Y2B, the equivalent methanol concentration was calculated to be
7 M. Although the calculated concentration, 7 M, was higher than
that of the usual passive DMFC that shows maximum power out-
put at around 5 M, it was reasonable because the point at which
the capillary probe set was in the middle of the gas layer, and there
was almost a 2 mm distance from the anode surface. The methanol
transport in the gas layer would be dominated by gas diffusion.
The methanol concentration at the measured point should then
show a higher concentration than that of the anode surface. Other-
wise, the optimum concentration in the gaseous higher than liquid
because MCO occurred in the gas phase is lower than in the lig-
uid phase. Hence, we confirmed that the gas condition in the gas
layer of the DMFC with PCP, where the maximum obtained power
output was almost equivalent for the liquid methanol concentra-

Equivalent methanol concentration calculated in the anode gas layer at various methanol concentrations in the reservoir with PCP.

CH30H concentration (M)

Equivalent CH30H concentration calculated inside anode gas layer (M)

Y1 Y1.5 Y2A Y2B

4 - 0.678 0.373 -

5 = = = 0.786

6 - - 0.634 -

8 - 1.618 - -

9 = 3.350 0.866 =
10 - - - 2.875
12 - 3.350 1.974 3.650
14 = = = 4.030
16 1.667 3.503 1.922 5.583
20 1.999 3.580 2.201 7.199
22 2.065 4.044 2.703 7.686
24.7 4.905 5.545 4.949 9.895
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tion at which the usual passive DMFC shows the maximum power
output.

4. Conclusion

The gas composition in the anode gas layer of the semi-passive
DMEFC with PCP was directly measured using a mass spectrometer
with a capillary probe. As the main components, CO,, methanol and
water were detected and the composition was strongly dependent
on the PCP used and the methanol concentration in the reser-
voir. It was shown that Pco,, Pch,on and Py,o were related to
the current density and Pcyson gradually decreased while Py,o
gradually increased with time. The current density linearly and
identically increased with the increase in the Pcy,on in the gas
layer up to 7.5 kPa irrespective of the type of PCP used suggesting
that the current was rate limited by the methanol transport to the
anode. Beyond this value, the current density decreased with the
increasing Pcy,on due to uncontrolled MCO. The calculated liquid
methanol concentration equivalent to the CO,-CH30H-H,0 gas in
the gas layer was about 5-7 M in the optimum conditions. This sug-
gested that the actual methanol activity on the anode of the DMFC
with PCP was similar to that of the usual liquid feed DMFC even
when a very high concentration of methanol was in the reservoir.
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