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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 CO2 gas pressure, methanol and water vapor pressures were discussed on the basis of
the current density and the resistance for the methanol and CO2 transport through the PCP. The current
assive DMFC
node gas layer
orous carbon plate
ass spectrometry

artial pressure of methanol

density linearly and identically increased with the increase in the partial pressure of methanol, PCH3OH, in
the gas layer up to 7.5 kPa irrespective of the type of the PCP suggesting that the current was a function
of PCH3OH 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

P and
l wa
was controlled by the PC
concentration of methano

. Introduction

The direct methanol fuel cell (DMFC) based on a polymer
lectrolyte membrane has received much attention as a lead-
ng candidate for power source applications because of its high
nergy density and energy-conversion efficiency [1–5]. However,
he commercialization of the DMFC is still hindered by several
echnological problems [6–8] including methanol crossover (MCO)
hrough the polymer membrane, low electro-catalytic activity of

ethanol oxidation on the anode [9] and severe cathode flooding
10].

As a result of the MCO, the low concentrations of methanol
rom 1 to 3 M [11,12,27] under active conditions and about 5 M
13–15,28] under passive conditions have generally shown a maxi-

um performance in the power generation of the DMFC operation.
he difference in the optimum concentration between the active
nd passive conditions must be mainly due to the difference in the

ass transfer situation of methanol from the reservoir or flow field

o the anode surface, and actual activity of the methanol at the
node surface for the maximum performance would be similar to
ach other. Actually, by applying a porous carbon plate (PCP) at
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was similar to that of the usual liquid feed DMFC even when a very high
s in the reservoir.

© 2009 Elsevier B.V. All rights reserved.

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 CO2 formed on the anode surface by
the accumulation of CO2 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

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:nakagawa@cee.gunma-u.ac.jp
mailto:nakagawa@bce.gunma-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2009.07.027
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Table 1
PCPs properties.

PCP Thickness (mm) Bubble point pressure (kPa) Average pore diameter (�m) Darcy constant, k (m2) Resistance, R (m−1)
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1 1.0 7.0 1.9
1.5 1.5 2.0 10.
2A 2.0 4.7 1.6
2B 2.0 1.1 17.3

eed for passive approaches for a portable DMFC. Recently, a vapor
eed DMFC that was passively operated at ambient temperature

as reported by some researchers [16–20,26]. However, they did
ot mention or study the vapor pressure of methanol in the anode
hamber. In such a vapor feed DMFC, water management is some-
imes critical for the power generation performance [24]. Not only
he methanol vapor pressure, but also the water vapor pressure
ould affect the power generation.

In this study, we investigated the gas composition of the anode
as layer for the DMFC with PCP by in situ mass spectrometry.
ifferent conditions of the gas layer were prepared using various
ethanol concentrations up to 100% and different types of PCPs
ith different resistance for the methanol transport. The vapor

ressure of the gas components, i.e., methanol, water, and other
asses including the reaction products, in the anode gas layer was
irectly measured by mass spectrometry with a capillary probe. The
elationship between the gas condition in the gas layer and DMFC
erformance was discussed on the basis of the methanol and water
apor pressures, while the formation of the reaction products will
e described in the following paper, Part II.

. Experimental

.1. Semi-passive DMFC with a PCP

Four types of PCPs supplied from Mitsubishi Pencil Co. Ltd., were
sed in the DMFC in this study. The perm-porosimeter (Porous
aterials Inc.) was used for the measurement of the properties of

CP, i.e., resistivity to a fluid flow through the PCP and the pore struc-
ure like pore diameter. Darcy constant’s, k (= F�L/(A�P), where, F,
olumetric flow rate of the fluid; �, viscosity of the fluid; L, thick-

ess of the porous plate; A, surface area; �P, pressure drop through
he plate), for air flow was obtained, and the bubble point pressure
as also measured using Galwick solution with surface tension

5.7 dyne cm−1 for the different PCP. The analyzed properties for
he different PCPs are shown in Table 1. By using these PCPs with

Fig. 1. Experimental setup that combined a passiv
4.2E − 14 2.4E + 10
3.1E − 13 4.9E + 09
2.5E − 13 8.1E + 09
8.7E − 13 2.3E + 09

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 5 cm2 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 10 mg cm−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 CO2 as follows,

CH3OH + H2O → CO2 + 6H+ + 6e−

e DMFC with PCP and a mass spectrometer.
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Table 2
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 – – –
C
O
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arbon monoxide – – 1.00 0.02 – –
xygen – – – – – –
itrogen – – 1.00 0.01 – –
rgon – – – – – –

o do this, a weight loss of the solution in the reservoir was mea-
ured, and concentrations of methanol and water in the solution
ere analyzed before and after the cell operation using a gas chro-
atography with TCD detector and a Porapack-T column. Then, the

harge passed also was calculated by integrating the area of i–t
urve. The procedure of evaluation of the fluxes was described in
etailed in our previous paper [17].

.3. DMFC operation and gas analysis
The experimental setup for the analysis of the gas components
uring the DMFC operation is shown in Fig. 1. The DMFC with
he PCP was operated by injecting a methanol solution with a
ertain concentration into the reservoir and by feeding oxygen
o the cathode at 35 ml min−1 under ambient conditions. Power

Fig. 2. Current density profiles during cell operation at high methanol concentratio
– – – – – – – –
1.00 – – – – – – –
– – – – – – – –
– 1.00 – – – – – –

generation was conducted at a certain cell voltage over 4 h. 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 0.5 atomic mass
units (AMU) at 10% height and a mass range up to 100 AMU.

The Faraday cup detector enables partial pressure measurements
from 10−4 mbar to ultrahigh vacuum, 10−12 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-

ns and 0.1 V with different types of PCPs (a) Y1, (b) Y1.5, (c) Y2A and (d) Y2B.
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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-
ig. 3. Current density profiles at 2 h steady state condition for different methanol
oncentrations and different types of PCPs.

zation source and the quadrupole mass spectrometer that was
onnected to the capillary probe having a 1 m length and 30 �m
nner diameters. The capillary probe was placed in the middle
f the anode gas layer during cell operation. Data collection was
chieved using the fully developed mass spectrometry software
YCOR SYSTEM 2000 and the DYMAXION series DYCOR SYSTEM
000.

.4. Calibration for the mass spectrometry

The data collection from the mass spectrometer provided the
ass spectrum profile (ion current intensity versus mass per

harge, m/z). The calibration experiments for the conversion of the
on current intensity into vapor pressure was conducted to deter-

ine the sensitivity factor for each component by measuring the
apor pressure of the pure component under a certain condition
r standard gas of which the composition had been analyzed. For
he possible species, such as methanol, water and reaction prod-
cts including methylformate, formaldehyde and formic acid, the

iquid pure component of about 250 ml was placed in a 500 ml bot-
le which was nearly closed and then immersed in a water bath.
he gas atmosphere in the bottle was measured using the capillary
robe, and then the sensitivity for the species was obtained on the
asis of the vapor pressure calculated under the stated condition.
n the other hand, for the gaseous species, such as carbon diox-

de, CO2; oxygen, O2 and nitrogen, N2, a calibration was carried out
sing the standard gas.

The relative abundance data, shown in Table 2, for the possi-
le species in this experiment were taken from the NIST Chemistry
ebBook [29] and were used for the quantitative analysis. Although
ost of these possible species give common mass fragments at
/z = 1 for hydrogen, [H]+, m/z = 12 for carbon, [C]+ and m/z = 16

or oxygen [O]+, we have omitted these fragments in the calcula-
ion for a simple treatment, and considered the mass fragments
n the range 18 ≤ m/z ≤ 75 as shown in the table. The contribution
n the ion intensity of each component for a certain mass frag-

ent was separated using the relative abundance data and the
on intensities at different mass fragments. The vapor pressure or

artial pressure of each component was then calculated from the
ontribution in the ion intensity for the main mass fragment of
he component using the sensitive factor obtained by the calibra-
ion.
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-
Fig. 5. Ion intensity profiles for the main mass per charge for the anode gas layer
during cell operation.
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ig. 6. Component species in the gas layer detected by the mass spectrometry durin
2B.

le with time. The unstable current density would be related to the
nitial methanol that accumulated in the PCP under the open circuit
onditions and has been explained in our previous reports [18,19].
rom the figure, after 7200 s operation, the stable current densities
ncreased with the increasing methanol concentration except the
ase of using Y2B as shown in Fig. 2 (d). When the stable current
ensities proportionally increased with increasing current density,
he current density must be determined by the rate of methanol
ransport to the anode, i.e., the rate of methanol transport through
he PCP. The current densities at 2 h in the measurement of Fig. 2
ere summarized in Fig. 3 including additional data obtained at

ow methanol concentrations below 16 M.
As clear from Fig. 3, it was a linear dependence of current density

n methanol concentration, up to neat in case of Y1, 20 M in case
f Y2A and Y1.5 while up to 16 M in case of Y2B. After 20 M, in
ase of Y2A and Y1.5, there was still a linear dependence of current
ensity on methanol concentration but with different slope up to
eat. Meanwhile, in the case of Y2B a large difference of slope until
0 M, then negative slope appeared up to neat.

The linear dependence of current density on the concentration
uggested that the cell operation was under the rate controlling by
he methanol transport, and the reciprocal of the slope of the line
orresponds to the resistance for the methanol transport for the PCP.

hen the slope of the straight line in Fig. 3 was compared with the
esistance, R, for the PCP shown in Table 1, one can see a very good

orrelation between them, suggesting that the methanol transport
hrough the PCP was governed by the Darcy’s Law. The steeper
he slope the higher the resistance, Y1(R = 2.4E + 10 m−1) > Y2A
8.1E + 9 m−1) > Y1.5 (4.9E + 9 m−1) > Y2B (2.3E + 9 m−1). For specific
CPs, Y2A and Y2B, the bend of the line means the change of the
operation for neat methanol and different PCP types (a) Y1, (b) Y1.5, (c) Y2A and (d)

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
m/z = 44, [CO2]+, for CO2 which is produced by the anode reaction
clearly appeared with the main peaks at m/z = 28 for nitrogen, [N2]+,
and at m/z = 32 for oxygen, [O2]+, in the gas layer as shown in Fig. 4
(a). With time, the vapor pressures of methanol, m/z = 31, [CH3O]+,
and water, m/z = 18, [H2O]+, increased, while the partial pressures
of oxygen and nitrogen decreased by replacing them with CO2 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 CO2, methanol and water, but
also the minor products of the methanol oxidation, the behavior of
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axis right hand side. We could not see any correlations between
PH2O and the current density or PCH3OH. In the low PCH3OH region,
PCH3OH < 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 PCH3OH. Otherwise, at a
M.S. Masdar et al. / Journal of

hese minor products are not discussed in this paper. That will be
iscussed in the following paper, Part II.

As an example of the original profile of the ion current intensity
n a logarithmic scale for the real time operation, the profile for the
h DMFC operation with Y1 at 24.7 M is shown in Fig. 5. The figure

ncludes the profiles for the several major mass fragments, m/z = 18,
9, 30, 31, 44 and 60, and also the current density obtained from the
MFC. It was confirmed that the m/z = 44, mostly for CO2, always
ominated the anode gas layer during the cell operation. The CO2 in
he gas layer plays an important role as a barrier to prevent a high

CO through the membrane as mentioned in the previous papers
16–18].

.3. Gas composition in the anode gas layer

Fig. 6 shows the time profiles of the partial pressures for the main
omponents 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
he different PCPs, it was common, among the different PCPs, that
he main component was CO2, followed by methanol and water, and
he partial pressures of N2, PN2, and O2, PO2, were negligibly small.
t was clear from the figure that the partial pressure of methanol,
CH3OH, and the other components were different from each other
epending on the PCP used. This would be related to the difference

n the resistance of the PCP for the methanol transport through the
CP as mentioned before. The PCH3OH at 2 h, at a steady state, was

ncreased from 3.6 kPa for Y1, 7.9 kPa for Y2A, 10.0 kPa for Y1.5, and
2.9 kPa for Y2B. The increasing of PCH3OH would be related to the
ecreasing of the PCPs resistance, R, in the same order Y1, Y2A, Y1.5
nd Y2B, as shown in Fig. 3.

In Fig. 6, the time profile of the current density during the oper-
tion was also included. The profile of current density was strongly
orrelated with PCH3OH and the partial pressure of CO2, PCO2 . This
orrelation is easily understood because methanol and CO2 are the
eactant and the product of the anode reaction, respectively. As
ell operated under limiting current, hence, the current density
ncreased with the increasing PCH3OH.

At the beginning of the operation, the initial current density
as high due to the sufficient methanol in the PCP, as we men-

ioned above. Hence, the PCO2 was initially high. For the gas layer
ormed in the space between the anode and the PCP, the total
ressure was determined from the balance between the produc-
ion rate of CO2 and other gases and the pressure drop for the gas
ow out through the PCP. After a few minutes from the start, the
urrent density was controlled by the rate of methanol transport
hrough the PCP, and hence, PCO2 was controlled. The PCO2 at 2 h
ere 92 kPa for Y1, 81 kPa for Y2A, 78 kPa for Y1.5 and 77 kPa for
2B. The decreasing of PCO2 in this order would be related to the
ecreasing of the PCP resistance to the gas flow, i.e., bubble point
ressures which were in the same order of decreasing of 7.04 kPa

or Y1, 4.65 kPa for Y2A, 2.01 kPa for Y1.5 and 1.10 for Y2B as shown
n Table 1.

With respect to water, the vapor pressure, PH2O, gradually
ncreased with time. This would be related to the effect of the back
iffusion of water from the cathode to the anode as reported in our
revious paper [17]. This phenomenon would gradually increase
he PH2O in the anode gas layer with time. This condition contin-
ed until 3600–7200 s before it became nearly constant, i.e., steady
tate.

Fig. 7 shows the vapor pressure of methanol and water in
he DMFC for different PCPs measured at 2 h as a function of

he methanol concentration in the reservoir. For all the PCPs, the

ethanol and water vapor pressures had a tendency to increase
ith the increasing methanol concentrations in the reservoir. This

endency was varied from one PCP to another depending on its
esistance. In the case of PH2O, the increasing value would be related
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 PCH3OH 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 PCH3OH up to a certain vapor pressure, 7.5 kPa, at
which 250 mA cm−2 was achieved. The PH2O measured with PCH3OH
was also plotted in the figure using open symbols for the vertical
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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ig. 9. Methanol and water transport through MEA at various methanol vapor pres-
ures in the gas layer with different PCP types (a) Methanol flux and (b) Water
ux.

igh PCH3OH above 7.5 kPa, the current density decreased from the
aximum current density of 250 mA cm−2 with the increasing of
CH3OH. This means that the operation was not under limiting cur-
ent situation and a high MCO beyond this value occurred.

Fig. 9 shows the relationships among PCH3OH, methanol flux,
hich corresponds to MCO, and the water flux during cell oper-

able 3
quivalent methanol concentration calculated in the anode gas layer at various methanol

H3OH concentration (M) Equivalent CH3OH concentration ca

Y1 Y

4 – 0
5 – –
6 – –
8 – 1
9 – 3

10 – –
2 – 3

14 – –
16 1.667 3

0 1.999 3
2 2.065 4
4.7 4.905 5
Sources 194 (2009) 610–617

ation. As shown in Fig. 9 (a), MCO increased with increasing PCH3OH.
The value of MCO at PCH3OH = 7.5 kPa, where the change in the rate
determining step appeared as shown in Fig. 8, was shown to be
about 0.04 g m−2 s−1. 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 PCH3OH = 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 0.10 g m−2 s−1 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−1 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 PCH3OH 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 PCH3OH until 10 kPa
where the water flux was −0.22 g m−2 s−1, and then it became
nearly constant in the range PCH3OH > 10 kPa. At the higher PCH3OH,
PCH3OH > 10 kPa, 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, CO2–CH3OH–H2O, 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, 9.9 M
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-
because MCO occurred in the gas phase is lower than in the liq-
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-

concentrations in the reservoir with PCP.

lculated inside anode gas layer (M)

1.5 Y2A Y2B

.678 0.373 –
– 0.786
0.634 –

.618 – –

.350 0.866 –
– 2.875

.350 1.974 3.650
– 4.030

.503 1.922 5.583

.580 2.201 7.199

.044 2.703 7.686

.545 4.949 9.895
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[27] J. Ge, H. Liu, J. Power Sources 142 (2005) 56–69.
[28] D. Chu, R. Jiang, Electrochim. Acta 51 (2006) 5829–5835.
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ion at which the usual passive DMFC shows the maximum power
utput.

. Conclusion

The gas composition in the anode gas layer of the semi-passive
MFC with PCP was directly measured using a mass spectrometer
ith a capillary probe. As the main components, CO2, methanol and
ater were detected and the composition was strongly dependent

n the PCP used and the methanol concentration in the reser-
oir. It was shown that PCO2 , PCH3OH and PH2O were related to
he current density and PCH3OH gradually decreased while PH2O
radually increased with time. The current density linearly and
dentically increased with the increase in the PCH3OH in the gas
ayer up to 7.5 kPa irrespective of the type of PCP used suggesting
hat the current was rate limited by the methanol transport to the
node. Beyond this value, the current density decreased with the
ncreasing PCH3OH due to uncontrolled MCO. The calculated liquid

ethanol concentration equivalent to the CO2–CH3OH–H2O gas in
he gas layer was about 5–7 M in the optimum conditions. This sug-
ested that the actual methanol activity on the anode of the DMFC
ith PCP was similar to that of the usual liquid feed DMFC even
hen a very high concentration of methanol was in the reservoir.
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