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In this paper, we investigate the CO, microbubble removal on carbon nanotube (CNT)-supported Pt
catalysts in direct methanol fuel cells (DMFCs). The experiments involve the incorporation of near-
catalyst-layer bubble visualization and simultaneous electrochemical measurements in a DMFC anodic
half cell system, in which CH30H electro-oxidation generate carbon dioxide (CO,) microbubbles. We
observe rapid removal of smaller CO, bubble sizes and less bubble accumulation on a Pt-coated CNT/CC

(Pt/CNT/CC, CC means carbon cloth) electrode. The improved half cell performances of the high CO,
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microbubble removal efficiency on the CNT-modified electrode (Pt/CNT/CC) were 34% and 32% higher
than on Pt/CC and Pt/CP electrodes, respectively.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Assisting or even replacing secondary batteries with fuel cells
has been a research goal in recent years [1,2]. Since methanol
has a higher energy density under ambient conditions and can
be processed and stored more easily than a gas fuel, liquid-fed
direct methanol fuel cells (DMFCs) are potential power sources
for portable applications [3,4]. In a direct methanol fuel cell, the
reaction of the methanol fuel is as follows:

CH30H + H,0 — CO, + 6H™ +6e~ 1)
6H* +6e~ +1.50, — 3H,0 2)
CH30H + 1.50, — CO, +2H,0 (3)

Anode :
Cathode :
Totalreaction :

In the development of micro-DMFCs, the growth and detachment
of the by-product, CO, microbubbles, is very important in anode
reaction chamber design. The reactants (methanol and water) are
in the liquid phase, so when CO, microbubbles cannot be effectively
removed, they will accumulate on the catalyst surface and reduce
the working efficiency. Scott et al. [5] investigated the removal of
gas from a parallel channel and a dotted channel, and found that
fuel can enter electrodes and carbon dioxide can be removed more
easily on dotted channels because of the Teflon coating on the car-
bon cloth helping to separate the liquid flow from the gas flow. The
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non-Teflonized cloth produced the poorest performance of all of the
electrodes. Increasing the Teflon content up to 20% improved cell
performance up to current densities of 160 mA cm~2. Lu and Wang
[6] also found that smaller and more uniformly sized bubbles could
be formed on hydrophilic carbon cloth. Bewer et al. [ 7] adopted oxy-
gen bubbles generated by hydrogen peroxide on a platinum catalyst
to imitate carbon dioxide bubbles on various channels. They found
that for hydrogen peroxide solutions at the proper concentration
(1-6%, vol.%), the quantity of the oxygen produced was comparable
to the carbon dioxide generated from methanol in a DMFC; thus,
a hydrogen peroxide system can be utilized to imitate the carbon
dioxide bubbles generated in a fuel cell. This approach provides
a model for the flow patterns in DMFCs by using simple low-cost
hardware. Scott et al. [8] compared the bubble removal abilities of
different carrier plates and found that the 707s plate (The Expanded
Metal Company Limited, UK) had the greatest bubble removal abil-
ity because it had the large strand width and the second smallest
open area. For a deeper understanding of the bubble removal effect,
the real reaction surface area must be defined. Zhaolin Liu et al.
[9] estimated the real surface area of platinum for the Pt/SWCNT
and PtRu/SWCNT catalysts (Ag ) with cyclic voltammetry using the
integrated charge in the hydrogen absorption region (Qy). The areas
(in m2 g~1) were calculated from the following formula, assuming
a corresponding Pt loading value of 0.21 mCcm—2:

Qu
0.21 x 10-3Cgcatalyst

We used this formula to calculate the real surface area of
the electrode and to study the increased area and fast bubble

Apr(m? g~ lcatalyst) = (4)
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removal effect on the efficiency enhancement in the anode of a
DMEFC.

Yangetal.[10,11] adopted a CCD camera to observe the removal
of carbon dioxide on the anode of a fuel cell and discussed the influ-
ence of current density, flow velocity and operating temperature
on the efficiency of the cell. In addition, in situ visualization was
also employed by Yang and Zhao [12] and Liao et al. [13] to inves-
tigate the relationship between CO, removal efficiency and cell
performance. Zhang et al. [14] reported that uniform CO, bubbles
of smaller size formed on hydrophilic anode GDL. Kulikovsky devel-
oped a simple model of the flow with gaseous bubbles in the anode
channel of a DMFC. His model predicted a significant decrease in
cell performance in regions with intense bubble formation [15,16].
However, few papers have discussed CO, gas behavior close to the
catalyst surface. In our group, Zhuang et al. [17] reported differ-
ent oxygen bubble removal abilities of Pt films on substrates with
various supports in an H,0, self-catalyzing reaction. Wang et al.
[18] has found indirect electrochemical evidence of improved CO,
removal ability by utilizing CNTs as a catalyst support in a DMFC
anode. However, direct evidence is still not available.

In this paper, direct evidence of improved CO, removal effi-
ciency by utilizing CNTs on carbon cloth (CNT/CC) as a Pt support
is studied through direct bubble visualization and simultaneous
electrochemical measurements of methanol oxidation. This study
should be beneficial in the design of anode surfaces.

2. Experimental setup

In order to demonstrate the effects of highly efficient CO, bub-
ble removal on CNT-supported nanocatalysts, we conducted three
operations: electrode fabrication, electrochemical measurements
(CV curve) and electrochemical measurements (I-t curve) with in
situ bubble visualization.

2.1. Electrode fabrication process

The fabrication process of the three catalytic substrates for
methanol oxidation testing is shown in Fig. 1. Three kinds of sub-
strates were employed as catalyst supports for the CO, microbubble
removal experiments, including carbon paper (CP), carbon cloth
(CC) and CNTs grown on carbon cloth (CNT/CC). For CNT/CC, 30 nm
Ti and 10 nm Ni were coated, in that order, by E-beam deposition
on CC substrates. The CNTs were grown by metal catalyzed thermal
chemical vapor deposition (CVD) with ethylene gas (CoHy) as the
carbon source at 800 °C. After the growth of the CNTs, Pt nanoparti-
cles were deposited by chemical reduction as the methanol catalyst
layer on the CP, CC, and CNT/CC samples. In the catalyst deposition,
a test sample with a 2 cm? open area was immersed in a 6 M H,SO4
aqueous solution at 80 °C for 1 h to modify the hydrophilic surface,
and then in a solution of H,PtClg, ethylene glycol (Eg) and 0.5 M
NH,4OH at 160°C for 1.5 h under supersonic vibration. After reduc-
tion, the sample was rinsed with deionized (DI) water and dried
at 65°C for 5 min. After the Pt chemical reduction process, Teflon
was coated on the middle-right side of the sample (red circle in
Fig. 1) to protect the current conduction area. A copper sheet was
then attached to the right side of the sample for current conduction
(green ellipse in Fig. 1).

2.2. Electrochemical measurements

Fig. 2 shows the schematic diagram of the setup for the
simultaneous electrochemical detection and optical observations.
By utilizing this system, the dynamic CO, microbubble detach-
ment behavior and electrochemical I-t signal could be recorded
coherently. A CHI model 7601 potentiostat/galvanostat and a con-
ventional three-electrode test cell, including a platinum coated

Carbon cloth or carbon paper

Pt deposited by chemical reduction

Teflon coating

) Cu sheet attachment
/

Carbon cloth

E-beam deposition of Ti/ N1 (30 nm/10 nm)

Thermal CVD growth of CNTs

Pt deposited by chemical reduction

Teflon coating

% Cu sheet attachment
)

(b)

Fig. 1. Fabrication process of nano Pt catalysts on (a) CC or CP and (b) CNT/CC
substrates for CO, microbubble removal experiments.

titanium net as a counter electrode, a saturated calomel reference
electrode (SCE), and the sample acting as the working electrode,
were used for the electrochemical measurements. The sample had
a definite area of 1cm? for CO, microbubble visualization. The
electro-catalysis properties were measured by cyclic voltamme-
try (CV) in 0.5 M H,SO4 aqueous solutions (potential sweep range:
—0.25 to 1V, scan rate: 50mVs~!) and 1M CH30H+0.5M H,S04

Tm|Eaies

‘ Electrochemical Analyzer

Digital Camera

W Sample, R : SCE, C : COUNTER (Pt)

Fig. 2. Schematic diagram of the setup for in situ electrochemical detection and
optical observation. (W: working electrode, sample; R: reference electrode, SCE; C:
counter electrode, Pt-coated Ti net.).
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aqueous solutions (potential sweep range: —0.2 to 0.9V, scan rate:
20mVs~1), respectively. All experiments were carried out at either
20 or 40°C with N, saturation at atmospheric pressure. All chem-
icals were reagent grade and DI water was used throughout the
experiment.

3. Results and discussion
3.1. Electro-catalytic performance

Fig. 3(a)-(c) show the SEM images of the Pt nanoparticles chemi-
cally reduced on the CNT/CC, CP and CC substrates, respectively. The
diameter of each support material was about 40-60 nm for the CNTs
on carbon cloth, 7 wm for the fibers of carbon paper and 7.5 pm for
the fibers of carbon cloth. The Pt catalyst layers were uniformly dis-
tributed on the CNT/CC, CP and CC samples, and the average size of
Pt catalyst on the CNT/CC were around 3.77 nm, which is smaller
than that of the Pt catalyst on the CP and CC samples (5.01 nm).

The real reaction surfaces per gram of the platinum catalysts for
the Pt/CNT/CC, Pt/CP and Pt/CC samples (Ag. ) were estimated by
integrating the charge in the hydrogen absorption region (Qy) in
the cyclic voltammograms (hatched area in Fig. 4(a)). The areas (in
m?2g~1) were calculated by Eq. (4), assuming a corresponding Pt
loading value of 0.21 mC cm~2. As demonstrated by the results in
Table 1, the Pt real surface per gram was, as expected, 73.7% higher
on the CNT/CC-supported Pt catalyst (52.45 m2 g~!) than on the CC-
supported Pt catalyst (30.19 m?2 g~1). All measurements were made
with the same catalyst loading method ona 1 cm x 2 cmrectangular
electrode. The use of CNTs as the catalyst support caused significant
differences in the Pt real surface area per gram. However, this differ-
ence was normalized in the comparisons among different samples
that follows.

Fig. 4(a) shows the 5th cyclic voltammogram (CV) results of the
catalytic reaction of the Pt catalyst on different carbon supports
in 0.5M H,S04 at room temperature (20 °C) under a saturated N,
atmosphere. The sweeping range was from —0.25 to 1V (vs. SCE)
and the sweeping rate was 50mVs~!. The areas of the hydrogen
adsorption were CNT/CC>CP>CC, which may be due to a larger
surface area and a larger hydrogen proton adsorption created by
the CNT/CC electrode.

The methanol electro-catalytic capability of Pt/CNT/CC, Pt/CP
and Pt/CC were examined by cyclic voltammetry in 1M
CH30H +0.5 M H,S0O4 aqueous solutions, as shown in Fig. 4(b). Two
oxidation peaks in the cyclic voltammogram were observed, and
they corresponded to the oxidation of methanol and the oxida-
tion of carbon monoxide, with potential ranges of 0.62-0.64 V and
0.45-0.48V, respectively. The electro-catalytic properties of the Pt
film in 1M CH30H+0.5M H,SO4 aqueous solutions were charac-
terized by the peak current density and peak potential from the
oxidation of methanol by cyclic voltammetry. A higher peak cur-
rent (Ip) (170 mA) was found for the Pt/CNT/CC electrode, because
of the combined benefits of a larger reaction surface and the better
CO, microbubble removal capability provided by the CNTs.

Fig. 4(c) shows the omit-area-effect CV curve of Fig. 4(b). The
current was divided by the real reactive surface area per gram of

Table 1
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(@)

Fig. 3. SEM images of reduced Pt nanoparticles on (a) CNT/CC, 50,000x (b) CP,
15,000% and (c) CC, 15,000x.

catalyst (Ag.) to deduce the reaction area effect. Fig. 4(d) compares
the peak current (left figure) and the omit-area-effect (right figure)
of methanol oxidation for the three substrates. From the right fig-
ure of Fig. 4(d), CP and CC have almost the same omit-area-effect

Real (active) surface areas of Pt/CNT/CC, Pt/CP and Pt/CC catalysts as determined by hydrogen electro-adsorption.

Origin of Pt/C catalyst Qy? (mC) Ser® (cm?2) Catalyst loading (mg cm~—2) Ap€ (m? g1 catalyst) Onset potential (V)
Pt/CNT/CC 35.2 167.4 0.319 52.45 0.37
Pt/CP 25.6 121.7 0.299 40.76 0.42
Pt/CC 10.7 50.9 0.169 30.19 0.42

2 Qu: charges exchanged during the electro-adsorption of hydrogen on Pt.
b Sg; : real surface area obtained electrochemically.
¢ Agr: real surface area obtained electrochemically per gram of catalyst.
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Fig. 5. (a) Current to time (I-t) curve, (b) current divided by Ag. to time (I/Ag.-t)
curve of the Pt/CNT/CC, Pt/CP and Pt/CC electrodes at 0.6 V (vs. SCE) in N, saturated
1M CH30H +0.5 M H,S04 aqueous solutions at 40 °C over 3600s.

peak current density, but CNT/CC had a significantly larger one
after dividing the real reaction surface area, suggesting an enhanced
peak current density coming from the CNTs’ rapid CO, microbubble
removal capability.

Effect of electrochemical activity of the Pt/CNT/CC, Pt/CP and
Pt/CC catalytic surfaces can be shown as Table 2. The current per Pt
loading weight, ip x Agr, of the Pt/CNT/CC catalyst was 89,165Ag™1,
which is 4 times higher than the Pt/CC catalyst. This is because the
Pt/CNT/CC has larger reaction surface area. Current per real active
surface area can be calculated as I, x 2/Sg, in which geometrical
surface area of electrode is 2 cm? (two sides). The current per real
active surface area of the Pt/CC catalyst was 2868 Acm~2, it is the
largest of these three types substrate because of the small elec-
trode area of Pt/CC, which may be due to the large particle size of Pt
deposited on CC. The current per real surface per gram of Pt cata-
lyst, Ip/AgL, of the Pt/CNT/CC catalyst was 3.2412 x 10~ mAgcm~2,
which is the largest among three different type substrates. For
comparison purpose, we defined three new parameters, including
the total performance enhancement ratio Et_cnts, the enhancement

Fig. 4. Cyclic voltammograms for CNT/CC, CP and CC samples with chemically
reduced Pt in (a) 0.5M H,SO4 aqueous solutions with N, saturation, (b) 1M
CH30H +0.5M H,S04 aqueous solutions with N, saturation, (c) 1M CH;0H+0.5M
H,S04 aqueous solutions with N, saturation divided by Ag., (d) I, and I, /Ag. for dif-
ferent electrodes. The sweeping rate of the CV was 50 and 20 mV s~ for 0.5 M H,SO04
aqueous solutions and 1M CH3;0H+0.5M H,SO4 aqueous solutions, respectively,
and the room temperature was at 20°C.
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Table 2

Effect of electrochemical activity of the Pt/CNT/CC, Pt/CP and Pt/CC catalytic surfaces.

Origin of Pt/C catalyst I, (mA) Sgr (cm?) AgL (m?2g1)

ip x ApL® (Ag™1)

Ip x 2/Sp.© Ip/Ard (104 mA gcm-2) Er® Eaf Eg®

(Acm—2)

Pt/CNT/CC 170 167.4 52.45
Pt/CP 100 121.7 40.76
Pt/CC 73 50.9 30.19

89,165
40,760
22,039

2,031 3.2412 2329 1737 1340
1,643 24534 1370 1350 1.015
2,868 2.4180 1 1 1

@ I,: peak current of the electrode.

b i, x Ap: peak current per Pt loading weight of the electrode.

¢ I, x 2/Sg.: peak current per real active surface area of the electrode.

94 Ip/AgL: peak current per real surface per gram of Pt catalyst of the electrode.

¢ Er: total performance enhancement ratio for CNTs, CP, CC toward CC.
f

¢ Eg: enhancement ratio of the bubble removal rate for CNTs, CP, CC toward CC.

ratio due to the reaction area increment Ea_cnts, and the enhance-
ment ratio of the bubble removal rate Eg_cnts. The total performance
enhancement ratio Et_cnts for CNTs toward CC (Et-ents = Ip-ent/Ip-cc)
can be expressed as the product of the enhancement ratio due to the
reaction area increment Ex_cnts (= AgL-cnT/AEL-cc) and the enhance-
ment ratio of the bubble removal rate Eg_cnrs:

(Et-cnts) = (Ea-onts )(EB-cNTs ) (5)

As illustrated in Table 2, Et_cn1s and Ea_cnts are equal to 2.329 and
1.737, respectively. As a result, the Eg.cns can be estimated as
1.340, meaning that the 34% performance enhancement achieved is
due to the faster bubble removal rate. If we calculate similar param-
eters for the CP case, we find that Er_cp and Ea_cp are equal to 1.370
and 1.350, respectively. As a result, the Eg_cp can be estimated as
1.015, meaning that there is only a 1.5% enhancement due to bub-
ble removal for CP. This comparison can provide a quick estimation
of how CNTs can aid bubble removal and the performance of the
peak current.

Electrochemical I-t curves were also utilized to qualitatively
compare the CO, microbubble detachment capability. Under diffu-
sion control according to the Cottrell equation (Eq. (6)), the current
I(t) is proportional to the electrode real surface area per gram of

Ea: enhancement ratio of the reaction area increment for CNTs, CP, CC toward CC.

catalyst Ag [19].

(nFApLDo'/%Co*)

10 = 10 =

(6)
where n is the charge number, I; is the diffusion limited current,
F is the Faraday constant, Ag; is the electrode real surface area per
gram of catalyst, Dy is the diffusion coefficient and Co(x, 0) = C§
The electrochemical reaction equation of the anodic CH3OH sys-
tem is shown in Eq. (1). Methanol combines with water to form
carbon dioxide gas, six protons and six electrons. Fig. 5(a) shows the
relationship between the reaction current and time (I-t) over 3600 s
by applying 0.6V (SCE) to the reaction electrode in the methanol
solution. The reaction reached diffusion control within 2500s, as
seen in Fig. 5. At diffusion control, the Pt/CNT/CC sample had a
larger current and smaller current drop (47 mA, 25%) than the Pt/CP
sample (59 mA, 39%) and the Pt/CC sample (79 mA, 77%). When the
current was normalized by the real reaction area per gram of cat-
alyst Agp, as shown in Fig. 5(b), the normalized start-up current
((3.3-3.7) x 10-*mA gcm~2) became almost identical. However,
the currentdrop rates were still different, and the Pt/CNT/CC sample
had a smaller current drop rate (0.9 x 10~ mAgcm~2, 25%) than
the Pt/CP sample (1.5 x 10~4 mA gcm~2, 39%) or the Pt/CC sample

t S t+0.08s

t+0.12s

Fig. 6. The in situ bubble images captured at t=99 s for (a) Pt/CNT/CC, (b) Pt/CC and (c) Pt/CP electrodes at 0.6 V (vs. SCE) in N, saturated 1M CH30H +0.5 M H,SO4 aqueous

solutions at 40°C.
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(2.6 x 10~*mAgcm~2, 77%). The smaller current drop in the CNTs
sample can be attributed to the lower bubble coverage ratio on the
electrode.

3.2. Comparison of bubble detaching ability

To verify the above hypothesis by indirect electrochemical char-
acteristics, direct visualization of the bubble removal rates on
different electrode surfaces was carried out. The in situ images
were captured at t =99 s for Pt/CNT/CC, Pt/CC, and Pt/CP at 0.6 V (vs.
SCE) in an N, saturated 1M CH30H+0.5M H;S0O4 aqueous solu-
tion at 40°C, as shown in Fig. 6(a)-(c), respectively. In Fig. 6(a),
the Pt/CNT/CC electrode, smaller CO, microbubbles were observed
compared with those on the Pt/CC and Pt/CP electrodes, and they
detached more easily. These CO, microbubble diameters were
around 20-40 p.m, and one of the typical bubbles, circled in red in
Fig.6(a), had adiameter of 33 wm. At t +0.04 s, this CO, microbubble
grew to a diameter of 38 um and was ready to detach. In Fig. 6(b),
the Pt/CC electrode, larger CO, microbubbles (100-220 wm) were
observed with higher adhesion force to the electrode surface, and
one of them, circled in red, had a diameter of 205 pm. This bubble
detached att+0.08 s, which was longer than those on the Pt/CNT/CC
electrode. A similar result was observed on the Pt/CP electrode,
with abubble detaching at t +0.08 s, but smaller bubble detachment
diameters of around 30-100 p.m were observed in this case.

Statistical analysis of the images is shown in Fig. 7. As can
be seen in Fig. 7(a), the Pt/CNT/CC electrode had a smaller CO,
microbubble detachment diameter (27.4 wm) compared with the
Pt/CP and Pt/CC electrodes, which had bubble detachment diam-
eters of 58.7 wm and 173 pm, respectively. Fig. 7(b) shows that

(a) 300+

‘ I Bubble detaching size
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Fig. 7. (a) The bubble detachment size and (b) bubble surface coverage ratio

on Pt/CC, Pt/CP and Pt/CNT/CC electrodes by applying 0.6V (vs. SCE) in a 1M
CH30H +0.5M H,S04 aqueous solution at 40°C.
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of the vibration curve from t=99 to 100s for the Pt/CNT/CC, Pt/CP and Pt/CC elec-
trodes at 0.6 V (vs. SCE) in N, saturated 1 M CH3OH +0.5 M H,SO4 aqueous solutions
at40°C.

the coverage ratios of the reaction surface on different electrodes
were 3%, 35% and 37% for the Pt/CNT/CC, Pt/CP, and Pt/CC elec-
trodes, respectively. As a result, the uncovered reaction area on the
Pt/CNT/CC electrode was 32% and 34% higher than on the Pt/CP and
Pt/CC electrodes, respectively, which agrees with the estimation of
the Eg from the previous discussion.

For detailed analysis of the current vibration phenomenon, the
vibration time sequence was expanded between 99 and 100, and
the sampling rate was 100 points per second, as shown in Fig. 8(a).
The fast Fourier transform (FFT) results are shown in Fig. 8(b). From
Fig. 8(a), we found that the Pt/CNT/CC electrode had a higher fre-
quency current vibration than the Pt/CC and Pt/CP electrodes. The
Pt/CNT/CC electrode also had smaller current amplitude than the
Pt/CC and Pt/CP electrodes. The FFT results show that the Pt/CNT/CC
electrode had an obvious peak at 39.8 Hz, but the Pt/CC electrode
had a lower frequency distribution, with peaks at 4.7 and 8.6 Hz,
respectively, while the Pt/CP electrode also had a lower frequency
distribution, with peaks at 5.5 and 14 Hz, respectively. The higher
vibration frequency for the Pt/CNT/CC electrode also suggested
smaller bubble generation and faster detachment.

4. Conclusion

In the present study, it is concluded that electrodes with CNTs
as catalyst support can directly limit CO, microbubble growth in
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electrochemical catalytic reactions and lead to improvement of the
CO, microbubble detaching capability. This rapid CO, microbubble
removal behavior is directly related to the high frequency cur-
rent vibration. Also, the high bubble detachment rate and smaller
detachment size observed in the optical system are consistent
with the high frequency of current vibration in the electrochemical
system. These results demonstrate that electrodes with nanostruc-
tures contribute to the mass transfer for electro-catalytic reactions
composed of liquid reactants and gaseous products. The higher
CO, microbubble detachment rate on Pt/CNT/CC helps create more
catalytic sites, thus promoting higher electrochemical reaction
currents, leading to a higher frequency current fluctuation. The
uncovered reaction area on the Pt/CNT/CC electrode was 34%, and
was 32% higher than that on the Pt/CC and Pt/CP electrodes, respec-
tively, which equates to a 34% and 32% performance enhancement,
respectively, in the CNT-modified electrodes (Pt/CNT/CC) due to a
faster CO, bubble removal capability.
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