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Abstract

This study utilized a transparent direct methanol fuel cell, with serpentine channels with a width of 2 mm and
an initial depth of 2 mm, and investigated the relationship between the behaviours of carbon dioxide (CO;) slugs,
product water accumulations, and voltage fluctuation. It examined the exhaust volumes of CO; slugs and product
water accumulations from the channels over time, comparing an anode channel with a depth of 1.2 mm to one with
a depth of 2 mm (without changing the cathode depth of 2 mm, nor the width of 2 mm in both the anode and the
cathode). Results indicated that cell voltage fluctuated, rising while CO: slugs were ejected, and falling between
ejections. In the case of an anode channel depth of 2 mm and a lower methanol-water solution flow rate, CO; slugs
were ejected less frequently, so cell voltage fluctuated widely. (Product water accumulations in the cathode had
a minimum effect on this cell voltage fluctuation.) In the case of a higher methanol-water solution flow rate, CO; slugs
were ejected more frequently, with less exhaust volume per CO: slug, reducing the fluctuation in cell voltage. Finally,
with an anode channel depth of 1.2 mm, the exhaust volume per CO; slug became even smaller, and these small CO;
slugs were rapidly ejected. With this shallow depth, the cell voltage increased with a lower methanol-water solution
flow rate, but decreased with a higher methanol-water solution flow rate by crossover.

Keywords: direct methanol fuel cell, bubble of carbon dioxide, slug of carbon dioxide, product water, transparent cell,
serpentine channel

1. Introduction

A direct methanol fuel cell (DMFC) produces carbon dioxide (CO) gas bubbles at its anode,
and water droplets at its cathode, by an electrochemical reaction. In the anode channel, CO> gas
bubbles grow, and coalesce into larger gas slugs [1-12]. In the cathode channel, water droplets
expand and eventually accumulate [4]. These waste reaction products in the channels may inhibit
the mass transfer of methanol and oxygen to the electrodes, decreasing cell voltage. One report
investigated this fluctuation of cell voltage when the CO» slug passes through a predetermined area
of the anode channel, using a DMFC with a single, straight channel in the anode, and another in
the cathode [2]. However, no report has examined the relationship between cell voltage fluctuation
and the behaviour of the CO; slugs in the entire anode channel. This study utilized a transparent
DMEFC [7-9] with serpentine channels with a depth of 2 mm and a width of 2 mm in both the
anode and the cathode, to investigate the relationship between the behaviour of the CO; slugs in
the anode channel as well as the product water accumulations in the cathode channel, and cell
voltage fluctuation, all with a higher current density, while varying the flow rates of methanol-
water solution and air. Then, to focus on the exhaust behaviour of CO; slugs, anode channels with
depths of 2 mm and of 1.2 mm were compared, examining the exhaust volumes of the CO> slugs
and the product water accumulations from channels against time, as well as the cell power
performance, again varying the flow rates of methanol-water solution and air.
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2. Experimental apparatus and method

Figure 1 shows the transparent DMFC, with an active area of 4 cm?, comprising a membrane
electrode assembly (MEA), gaskets, separators, gaskets with serpentine channels, and end plates
[7-9]. In the MEA, a solid polymer electrolyte membrane (Nafion 112) with a thickness of 50 um
was coated on either side with catalysed electrodes, which were supported with gas diffusion
layers made of carbon paper with a thickness of 0.37 mm (Toray TGP-H-120). For the anode
catalyst layer, loading of Pt:Ru 1:1 was 3 mg/cm?, and for the cathode catalyst layer, loading of
only Pt was 1 mg/cm?. The separators in both the anode and the cathode were made of carbon with
a gas-impermeable treatment, and had serpentine through-channels with a width of 2 mm, a lateral
length of 18 mm, and a rib width of 2 mm. Separators initially had a channel depth (or thickness)
of 2 mm in both the anode and the cathode, to investigate the relationship between the behaviours
of the CO; slugs in the anode channel and the product water accumulations in the cathode channel
on cell voltage fluctuation. Based on those results, subsequent anode separators had a channel
depth of either 2 mm or 1.2 mm, to examine the exhaust volumes of the CO> slugs and the product
water accumulations from channels against time as well as cell power performance. These
separators not only contain the flow channels, but also play the role of current collector plates. The
anode end plate was made of vinyl chloride; the cathode end plate, acrylic.

Figure 2 shows the experimental apparatus. A chemical pump regulated the flow of methanol
solution from a tank, and a mass flow controller regulated the flow of air from a gas cylinder, both
connected directly to our DMFC. Temperature was maintained by a jig with heaters above the
DMEFC and a hot plate below. The DMFC was connected to an electric load device, to evaluate its
performance by measuring polarization and current transients.
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Fig. 1. Experimental transparent DMFC Fig. 2. Experimental apparatus

Cell temperature was set at 60°C. Methanol solution (3 wt%) was supplied in an upward flow
at rates of 0.14 mL/min and 0.28 mL/min, and air was supplied in a downward flow at rates of
18 mL/min and 36 mL/min. Before the experiments, the DMFC was stabilized for one hour at
a current density of 1.25 mA/cm?. During the experiments, polarization curves were plotted by
measuring the cell voltage while increasing the current density in increments of 1.25 mA/cm?.
When the cell voltage dropped below 0.4 V, a video camera observed the behaviours of CO»
bubbles and slugs in the anode channel and product water droplets and accumulations in the
cathode channel, as the current density continued to increase in increments of 1.25 mA/cm? every
five minutes. To investigate the cell voltage fluctuation, voltage was measured every second. Cell
power performance was evaluated from cell voltage immediately after the 1.25 mA/cm? increase
in current density. Image analysis of the observation results calculated the volume of CO- slugs
and product water accumulations ejected from the channels through the exhaust ports.
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3. Results and discussion

3.1. Relationship between behaviours of CO: slugs and product water accumulations and cell
voltage fluctuation

Figure 3 shows the cell voltage fluctuation after the voltage dropped below 0.4 V, with a methanol
solution flow rate of 0.14 mL/min and an air flow rate of 18 mL/min, with both anode and cathode
depths of 2 mm. In Fig. 3, the cell voltage fluctuates widely. Fig. 3 also shows the observed results
of CO> bubbles and slugs in the anode channel when the cell voltage fluctuated. In the anode
channel, CO bubbles were produced, and attached to the channel; then several bubbles coalesced,
growing in the size to the width of the channel. Then, propelled by the flow of methanol solution,
these larger bubbles coalesced into gas slugs, which then coalesced into progressively larger slugs.
These larger slugs occasionally remained in the channel for some time but then eventually flowed
toward the exhaust port and were ejected. Here, when the cell voltage started to drop suddenly, the
CO:2 slug finished ejecting from the channel through the exhaust port (1). At that time, other slugs
remained in the channel or flowed toward the exhaust port. Next, as the cell voltage began to rise,
another slug began to exhaust through the exhaust port (2). Finally while the slug was exhausted
through the exhaust port (3), the cell voltage rose, even if there were other slugs in the channel.
These phenomena (1) to (3) were repeated. Under these experimental conditions, the time lengthened
between CO;z slug ejections, during which the cell voltage dropped significantly. Then, voltage greatly
increased, since the ejected slug was larger, and the time from the start to the end of discharge was
longer. As a result, the voltage fluctuated widely. It seems that, while the slug is being exhausted,
pressure in the channel increases, the mass transfer of methanol to the electrode is promoted, and thus
cell voltage increases. Not shown in a figure, in the cathode channel, the water droplets remained,
expanded, and accumulated. By the airflow, a larger product water accumulation was eventually
ejected from the channel at once, swallowing multiple water droplets on the downstream side.
These product water accumulations and behaviours had a minimal effect on cell voltage
fluctuation.
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Fig. 3. Cell voltage fluctuation after voltage dropped below 0.4 V, and behaviours of CO; bubbles and slugs
in anode channel, with methanol solution flow rate of 0.14 mL/min and air flow rate of 18 mL/min
with both anode and cathode depths of 2 mm

Figure 4 shows the cell voltage fluctuation after the voltage dropped below 0.4 V, with
a doubled methanol solution flow rate of 0.28 mL/min and the same air flow rate of 18 mL/min,
with both anode and cathode depths of 2 mm. When this methanol solution flow rate increased, the
cell voltage fluctuation decreased. Fig. 4 also shows the observed results of CO> bubbles and slugs
in the anode channel when the cell voltage fluctuated. With a higher methanol solution flow rate,
again, when the CO; slug finished ejecting from the channel through the exhaust port (1), the cell
voltage started to drop, and then as the slug began to exhaust through the exhaust port (2), the cell
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voltage began to rise, and while the slug was exhausted through the exhaust port (3), the cell
voltage rose. With a higher methanol solution flow rate, the CO» slugs were smaller in the channel,
the time between CO; slug ejections became shorter, and the rate of CO» slugs ejected from the
exhaust port increased. Again, it was confirmed that, in the cathode channel, product water
accumulations and behaviours had a minimal effect on the voltage fluctuation.
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Fig. 4. Cell voltage fluctuation after voltage dropped below 0.4 V, and behaviours of CO; bubbles and slugs
in anode channel, with methanol solution flow rate of 0.28 mL/min and air flow rate of 18 mL/min
with both anode and cathode depths of 2 mm

Therefore, in order to reduce cell voltage fluctuation, the anode should be designed such that
the time between COz slug ejections should be shortened, and the rate of CO> slugs ejected from
the exhaust port should be increased.

3.2. Exhaust volumes of CO: slugs and product water accumulations from channels and cell
power performance

Section 3.1 above explained that the exhaust of CO2 slugs from the anode channel greatly
affected the cell voltage fluctuation. Therefore, the next investigation focussed on measuring the
volume of CO; slugs ejected from the anode channel over time, as well as the cell power
performance, comparing channels with a depth of 2 mm or 1.2 mm in the anode (but a constant
2 mm in the cathode), varying the flow rates of methanol solution and air. In addition, the volume
of product water accumulations ejected from the cathode channel against time was measured. The
MEA was replaced from the one used in the experiment reported in section 3.1.

Figure 5 shows cell power performance with both anode and cathode depths of 2 mm. At lower
flow rates of both methanol solution and air, the cell voltage decreased at higher current densities.
Except at lower flow rates, varying the flow rates of methanol solution and air hardly changed cell
power performance.
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Fig. 5. Cell power performance with both anode and cathode depths of 2 mm
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Figures 6 and 7 show the exhaust volumes of CO; slugs and product water accumulations, with
both anode and cathode depths of 2 mm, respectively. Here, assuming that the cross section of
each channel would be filled with CO; slugs and product water accumulations, the exhaust
volumes of CO: slugs and product water accumulations were obtained by multiplying their
exhaust length by the cross-sectional area of the channel. In Fig. 6, with the increased methanol
solution flow rate, the exhaust volume per CO; slug decreased. It appears that, CO> bubbles tend
not to coalesce as the methanol solution flow rate increases. In Figs. 6 and 7, with a lower
methanol solution flow rate and a higher airflow rate, the electrode reaction becomes active, and
then the exhaust volumes of both CO; slugs and water accumulations per unit time increased.
Relative to this flow rate, when the methanol solution flow rate increased, the exhaust volume of
CO2 slugs per unit time decreased. It is thought that crossover occurred when the methanol
solution flow rate increased. With a higher methanol solution flow rate and a lower airflow rate,
the exhaust volume of water accumulations per unit time increased. With this higher methanol
solution flow rate and lower airflow rate, the methanol solution by crossover may be contained in
the exhaust volume of water accumulation. It is considered that crossover decreases with higher
flow rates of methanol solution and air. With higher flow rates of methanol solution and air, the
exhaust volume of water accumulations per unit time decreased. It seems that, with a higher
airflow rate, the droplets did not remain in the cathode channel, and was ejected with the airflow.

33.75, 36.25 35.00 37.50 40.00 42.50

E 500 3250 3900 3759, Current density [mAlem?] % 500 375, 3625 " 3875 " 41.25 " Current density [mAlcm?]
= Average exhaust volume per slug: 222.1 mm3 = Average exhaust volume per slug: 107.8 mm?
2 400 | °, Exhaust volume per unit time: 3.3 mm®%s 2 400 | Exhaust volume per unit time: 3.9 mm®/s
S o %o oo S

Q300 @ © 300 }

[ [

o o

) L [} L (o]

g 200 oo ‘ ~. % 200 °° ° fie o) o§° op& °°

2 ° ° 2 @ ® 00 5 0 ®

= 100 o ° > 100 oo o®© o00oO0 o

2 r 2 0B, o000 axaw TERO cada

§ 0 1 1 1 1 1 -~ 0 1 1 1 1 1

w 0:00 0:10 0:20 0:30 0:40 0:50 1:00

0:00 0:10 0:20 0:30 0:40 0:50 1:00
Start time of ejection from channel to exhaust port [hour : min] Start time of ejection from channel to exhaust port [hour : min]

(a) Methanol solution 0.14 mL/min, air 18 mL/min (b) Methanol solution 0.28 mL/min, air 18 mL/min

36.25 38.75 41.25 36.25, 38.75 4125 = 43.75

% 500 2R ¥ 0 002290 Current density [mAcm?] E s 28N 00 25, Current density [mAcm?

= Average exhaust volume per slug: 201.9 mm3 = Average exhaust volume per slug: 183.6 mmd

2 400 + Exhaust volume per unit time: 4.6 mm¥s | & 400 | Exhaust volume per unit time: 3.8 mm?/s

S ada 8

©300 4 s uh S 300 | . s N

g A A Y N Y Y Y

e 900 L Auliba, 4 s 2ooo a8 pn Oy

5 Aaathys b A = A A

= 100 A at A = 100 B

k7] i § MAA A A A &A

3 & A

§ O 1 1 1 1 1 E 0 1 1 1 Il 1

= 0:00 0:10 0:20 0:30 0:40 0:50 1:00 0:00 0:10 0:20 0:30 0:40 0:50 1:00
Start time of ejection from channel to exhaust port [hour : min] Start time of ejection from channel to exhaust port [hour : min]

(c) Methanol solution 0.14 mL/min, air 36 mL/min (d) Methanol solution 0.28 mL/min, air 36 mL/min

Fig. 6. Exhaust volume of CO; slugs with both anode and cathode depths of 2 mm

Figure 8 shows cell power performance with an anode depth of 1.2 mm and a cathode depth of
2 mm. When the methanol solution flow rate increased, the cell voltage decreased, in each airflow
rate. Compared with both anode and cathode depths of 2 mm (in Fig. 5), the cell voltage increased
with a lower methanol solution flow rate, and decreased with a higher methanol solution flow rate.
In all methanol solution and airflow rates, the cell voltage fluctuation further decreased in higher
current densities.

Figures 9 and 10 show the exhaust volumes of CO; slugs, product water accumulations with an
anode depth of 1.2 mm and a cathode depth of 2 mm, respectively. Compared with both anode and

141



K. Nakashima

cathode depths of 2 mm in each methanol and air flow rate (in Fig. 6), the exhaust volume per CO>
slug decreased, and the exhaust volume of CO: slugs per unit time increased except with a higher
methanol flow rate and a lower air flow rate. In Fig. 9, when the methanol solution flow rate
increased, both the exhaust volume per CO; slug and the exhaust volume of CO: slugs per unit
time decreased. It appears that, when the anode channel becomes shallower, the flow velocity of
the methanol solution increases, and then COz slugs are ejected rapidly, before they coalesce. With
a lower methanol solution flow rate, the electrode reaction becomes more active. However, it is
considered that, with a higher methanol solution flow rate, the crossover occurred, so power
performance decreased significantly. In Fig. 10, with a higher methanol solution flow rate and a
lower airflow rate, despite the crossover in which the power performance decreased, the exhaust
volume of water accumulations per unit time did not increase significantly. It seems that, crossover
mainly occurs near the inlet of the anode channel, with a shallower anode depth. Since the
methanol solution and the air flowed in opposite directions, the methanol solution moved from the
vicinity of the inlet of the anode channel to the vicinity of the exhaust of the cathode channel by
crossover. It is considered that, the moved methanol solution did not remain in the cathode channel
as droplets, and was ejected with the airflow.

0:00 0:10 0:20 0:30 0:40 0:50 1:00
Start time of ejection from channel to exhaust port [hour : min]

0:00 0:10 0:20 0:30 0:40 0:50 1:00
Start time of ejection from channel to exhaust port [hour : min]

(@) Methanol solution 0.14 mL/min, air 18 mL/min

= 33.75__ 36.25 = 35.00, 37.50_ _ 40.00  42.50

E 00 3250, 5300 350, Current density [mAfom?] € 40 BB BB SBR SHB 5 Current density [mAcm?]
5 Exhaust volume per unit time: 0.01 mm3/s 5 Exhaust volume per unit time: 0.13 mm?/s
T 30 | T 300 |

E P

g 200 o 8 i ° o Volume of water
s Volume of water remaining in S remaining in

5 100 channel: 12.2 mm? 2 100 r ° channel: 22.4 mm?
£ ° | E ° v

= 0 1 1 1 1 1 =} 0 1 1 1 1

5] e

B E

2 g

5 i

(b) Methanol solution 0.28 mL/min, air 18 mL/min

36.25 38.75 41.25 36.25 38.75 41.25 43.75

mé 400 209 8 W 250 current density [mA/cm?] E‘ 400 200 S350 4000 2250, Current density [mAlcm?]
5 Exhaust volume per unit time: 0.17 mm3/s o Exhaust volume per unit time: 0.02 mm?3/s

§ 300 A g 300

E g

é 20 v Volume of water gy Volume of water

= remaining in channel: = inng i

S 0T 3232 mm 2 01 chamel: 63,0 ms
1S A ¢ IS A i 103

% 0 1 1 1 1 1 % 0 1 1 1 1

= 0:00 0:10 0:20 0:30 0:40 0:50 1:00 = 0:00 0:10 0:20 0:30 0:40 0:50 1:00
L—:‘,’ Start time of ejection from channel to exhaust port [hour : min] E Start time of ejection from channel to exhaust port [hour : min]
o (c) Methanol solution 0.14 mL/min, air 36 mL/min ai

(d) Methanol solution 0.28 mL/min, air 36 mL/min

Fig. 7. Exhaust volume of product water accumulations with both anode and cathode depths of 2 mm

0.8 Methanol Ai

0.7 8 solution Ir

’ ©—0|(.14mL/min [18mL/min

0.6 A—A|0.14ml/min |36ml/min

0—010.28ml/min {18mL/min

S 05 A—10.28mL/min | 36mL/min
(0]
g 04
L 03t

0.2

01 f

0 1 1 1 1

0 10 20 30 40 50

Current density [mA/cm?]

Fig. 8. Cell power performance with anode depth of 1.2 mm and cathode depth of 2 mm
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Fig. 10. Exhaust volume of product water accumulations with anode depth of 1.2 mm and cathode depth of 2 mm

4. Conclusion

Using a transparent DMFC with serpentine channels, this study investigated the relationship
between the behaviours of the CO; slugs in the anode channel as well as the product water
accumulations in the cathode channel on cell voltage fluctuation, in high current density. It then
examined the exhaust volumes of the CO> slugs and the product water accumulations from
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channels against time. The following major results were obtained:

1) As CO; slugs were ejected from the anode channel through the exhaust port, cell voltage rose.
Then while CO; slugs were not being ejected through the exhaust port, cell voltage dropped.
Thus, cell voltage fluctuated.

2) When methanol solution flow increased, small CO> slugs were ejected from the channel
through the exhaust port at frequent intervals, reducing cell voltage fluctuation.

3) Similarly, with a shallower anode depth, smaller CO; slugs were ejected at shorter intervals,
further decreasing cell voltage fluctuation. Cell power performance increased with a lower
methanol solution flow rate, but decreased with a higher methanol solution flow rate, due to
CrOSSOVer.
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