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A simple preparation of very 
high methanol tolerant cathode 
electrocatalyst for direct methanol 
fuel cell based on polymer-coated 
carbon nanotube/platinum
Zehui Yang1 & Naotoshi Nakashima1,2,3

The development of a durable and methanol tolerant electrocatalyst with a high oxygen reduction 
reaction activity is highly important for the cathode side of direct methanol fuel cells. Here, we 
describe a simple and novel methodology to fabricate a practically applicable electrocatalyst 
with a high methanol tolerance based on poly[2,2′-(2,6-pyridine)-5,5′-bibenzimidazole]-wrapped 
multi-walled carbon nanotubes, on which Pt nanoparticles have been deposited, then coated with 
poly(vinylphosphonic acid) (PVPA). The polymer coated electrocatalyst showed an ~3.3 times higher 
oxygen reduction reaction activity compared to that of the commercial CB/Pt and methanol tolerance 
in the presence of methanol to the electrolyte due to a 50% decreased methanol adsorption on 
the Pt after coating with the PVPA. Meanwhile, the peroxide generation of the PVPA coated 
electrocatalyst was as low as 0.8% with 2 M methanol added to the electrolyte, which was much 
lower than those of the non-PVPA-coated electrocatalyst (7.5%) and conventional CB/Pt (20.5%). 
Such a high methanol tolerance is very important for the design of a direct methanol fuel cell 
cathode electrocatalyst with a high performance.

Direct methanol fuel cells (DMFCs) are recognized as an ideal power source for mobile applications 
and have received considerable attention1–4. One main issue affecting the efficiency and power density of 
the DMFCs is methanol crossover, because methanol can easily go through a Nafion membrane and be 
oxidized at the cathode, poisoning the electrocatalyst and degrading the FC voltage and power density; 
especially when a high concentration of methanol is fed to the anode side5. Thus, the design of a new 
electrocatalyst with a methanol tolerance on the cathode side of the DMFCs is significantly required.

Recently, many studies have focused on the design and fabrication of a methanol tolerant electrocat-
alyst. The first trail used transition metals, such as Pd/Ag6,7, Ru/Se8,9, Pd/Co10,11, Ru/Mo/Se12,13, etc. Such 
electrocatalysts showed a high methanol tolerance due to the suppression of the methanol oxidation reac-
tion (MOR). These transition metal electrocatalysts, however, are limited to practical DMFC applications 
because these transition metals show very low oxygen reduction reaction (ORR) activities compared to 
that of platinum (Pt), which is the most effective metal for the ORR2,14. Accordingly, the second trial 
used Pt alloys with transition metals, such as Pt/Au15,16, Pt/Pd/Cu17,18, Pt/Cr19,20, Pt/Ni21,22, Pt/Co23,24, etc., 
whereas, the durability of such electrocatalysts was low due to dissolution of the transition metals during 

1Department of Applied Chemistry, Graduate School of Engineering, Kyushu University, 744 Motooka Nishi-ku, 
Fukuoka 819-0395, Japan. 2International Institute for Carbon-Neutral Energy Research (WPI-I2CNER), Kyushu 
University 744 Motooka Nishi-ku, Fukuoka 819-0395, Japan. 3JST-CREST, 5 Sanbancho, Chiyoda-ku, Tokyo, 102-
0075, Japan. Correspondence and requests for materials should be addressed to N.N. (email: nakashima-tcm@
mail.cstm.kyushu-u.ac.jp)

Received: 04 February 2015

Accepted: 23 June 2015

Published: 20 July 2015

OPEN

mailto:nakashima-tcm@mail.cstm.kyushu-u.ac.jp
mailto:nakashima-tcm@mail.cstm.kyushu-u.ac.jp


www.nature.com/scientificreports/

2Scientific RepoRts | 5:12236 | DOi: 10.1038/srep12236

real operating conditions25–28. Thus, the development of a durable and methanol tolerant electrocatalyst 
with a high ORR activity is still a significant and important challenge.

We here present the third trial for this issue (methanol tolerance) that shows a much higher perfor-
mance than previous methods as well as an easy preparation based on a “polymer-coating” method. We 
have reported that the electrocatalyst coated with PVPA showed an enhancement in its fuel cell durabil-
ity29,30 and blocked methanol absorption on the active Pt nanoparticles (Pt-NPs)31, which are important 
parameters for the cathode side of the DMFC. In this study, we describe the results that after coating 
with a polymer, the electrocatalyst showed a very high methanol tolerance.

Results and Discussion
The MWNT/PyPBI/Pt and MWNT/PyPBI/Pt/PVPA were prepared according to a previous method 
(Fig. 1a)29,30. The as-synthesized electrocatalysts were dispersed in water by sonication for 5 min to deter-
mine their dispersity in water. As shown in Fig. 1b, the MWNT/PyPBI/Pt/PVPA produced a homoge-
nous solution due to the hydrophilic surfaces of the homogeneous coating of the PVPA layer, while the 
MWNT/PyPBI/Pt poorly dispersed in water due to the hydrophobic surfaces of the PyPBI. Also, the 
PVPA layer on the Pt-NPs determined by the HR-TEM shown in Fig. 1c was ~2 nm. The TEM images 
of the MWNT/PyPBI/Pt and MWNT/PyPBI/Pt/PVPA together with a conventional CB/Pt for compar-
ison are shown in Fig. S1, from which their Pt diameters were determined to be 3.9 ±  0.2, 3.8 ±  0.2 and 
3.8 ±  0.6 nm, respectively. The properties of these electrocatalysts were almost the same as those of the 
previous ones. Briefly, we observed two clear peaks at 71.4 and 75.0 eV that are attributed to the 4f7/2 and 
4f5/2 of the metal Pt, respectively, and the N1s peak was observed at ~400 eV in both MWNT/PyPBI/Pt 
and MWNT/PyPBI/Pt/PVPA that were derived from PyPBI (see Supplementary Information, Fig. S2). 
The typical P2p peak due to the PVPA was observed at ~132 eV only in the MWNT/PyPBI/Pt/PVPA, 
suggesting that the PVPA successfully coated on the prepared electrocatalyst. The decrease in the density 
of the Pt4f and N1s peaks in the MWNT/PyPBI/Pt/PVPA also suggested that the Pt-NPs were covered 
by PVPA31. From the TGA curves (see Supplementary Information, Fig. S3), the Pt contents in the 
composites decreased from 47.3 wt% to 44.5 wt% due to the additional PVPA, which was 6.0 wt% in the 
MWNT/PyPBI/Pt/PVPA, that was similar to our previous report29, indicating a high controllability and 
reproducibility of our electrocatalyst, while the previous methanol tolerant electrocatalysts were difficult 
to synthesize due to their complex structure.

The ORR is the cathodic reaction in an actual fuel cell32. During the fuel cell operation in the DMFCs, 
the methanol crossover is the most serious drawback since it lowers the voltage of the cells, leading to 
degradation of the FC performance. As shown in Fig.  2, the ORR was measured in the presence of a 
given concentration of methanol (for rotating disc current densities, see Supplementary Information, 
Fig. S4, 5 and 6). In the absence of methanol, the mass activities of the CB/Pt, MWNT/PyPBI/Pt and 
MWNT/PyPBI/Pt/PVPA calculated using the Levich-Koutecky equation, 1/i =  1/ik+ 1/id (where i is the 
experimentally measured current, and id is the diffusion-limited current.), were 48.8, 187.0 and 157.7 mA/
mgPt at 0.85 V vs. RHE, respectively33–36 The PVPA-coated electrocatalyst showed a slight decrease in the 

Figure 1. Procedure of the preparation and HR-TEM image of the MWNT/PyPBI/Pt/PVPA. (a) 
Schematic illustration for the preparation of the MWNT/PyPBI/Pt/PVPA. The chemical structures of PyPBI 
and PVPA are inserted in the illustration. (b) Photographs of the dispersity of the MWNT/PyPBI/Pt (left) 
and MWNT/PyPBI/Pt/PVPA in water. (c) HR-TEM image of the MWNT/PyPBI/Pt/PVPA.
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ORR activity by 15.6% compared to that of the MWNT/PyPBI/Pt due to the polymer-coating of the 
Pt-NPs. The specific activity was calculated by dividing the mass activity by the electrochemical surface 
area (ECSA). The ECSAs of the MWNT/PyPBI/Pt and MWNT/PyPBI/Pt/PVPA were 44.7 and 42.3 m2/
gPt, respectively, (see Supplementary Information, Fig. S7)37,38, and the Pt utilization efficiency of the 
MWNT/PyPBI/Pt was almost the same as described in our previous report39. The specific activities 
were 0.42 and 0.37 mA/cm2

Pt for the MWNT/PyPBI/Pt and MWNT/PyPBI/Pt/PVPA, respectively. These 
obtained values were much higher than that of the commercial CB/Pt (specific activity: 0.08 mA/cm2

Pt, 
ECSA: 60.6 m2/gPt) similar to previous reports40,41. Meanwhile, the diffusion-limited current density of 
the PVPA-coated electrocatalyst (− 5.2 mA/cm2, see red line in Fig.  2c) was almost identical to that of 
the MWNT/PyPBI/Pt (− 5.3 mA/cm2, see red line in Fig. 2b), suggesting that the PVPA coating showed 
a negligible effect on the O2 accessibility42. For the MWNT/PyPBI/Pt, we observed small methanol oxi-
dation peak at 0.9 V vs. RHE in the presence of methanol in the electrolyte (see Fig. 2b). On the contrary, 
almost no such peak was recognized for the MWNT/PyPBI/Pt/PVPA, indicating the suppression of the 
methanol oxidation due to effect of methanol absorption caused by the polymer coating31,43.

It should be noted that an obvious methanol oxidation peak was observed for the conventional CB/Pt 
(see Fig. 2a) in the presence of methanol in the electrolyte due to the high ECSA value (see Supplementary 
Information, Fig. S7). The MOR peak showed a positive shift and the peak current increased with the 
increased methanol concentration as shown in Fig. 2a. The half-wave potentials (E1/2) evaluated from the 
ORR activity of the CB/Pt, MWNT/PyPBI/Pt and MWNT/PyPBI/Pt/PVPA are shown in Table 134,44–47, 
in which, in the absence of the methanol, the value of the MWNT/PyPBI/Pt was the highest, which 

Figure 2. Electrochemical measurements of the conventional CB/Pt, MWNT/PyPBI/Pt and MWNT/
PyPBI/Pt/PVA. ORR polarization curves for the CB/Pt (a), MWNT/PyPBI/Pt (b) and MWNT/PyPBI/Pt/
PVPA (c) in O2-saturated 0.1 M HClO4 and varying concentrations of methanol at 25 °C, rotation rate of 
1600 rpm, and sweep rate of 10 mV/s. In all figures, methanol concentrations are: 0 M (red), 0.5 M (black), 
1 M (blue) and 2 M (green). (d) Methanol oxidation reaction (MOR) curves were recorded in 0.1 M HClO4 
and 1 M methanol at a scan rate of 50 mV/s for the CB/Pt (black line), MWNT/PyPBI/Pt (blue line), and 
MWNT/PyPBI/Pt/PVPA (red line) before durability test.
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is consistent with the analyses of the mass and specific activities. With the increase in the methanol 
concentration, the E1/2 of the three electrocatalysts decreased due to the coverage of CO on the Pt-NPs 
generated during the methanol oxidation reaction. However, in the presence of a high concentration of 
methanol, the E1/2 of the CB/Pt and MWNT/PyPBI/Pt sharply decreased by 150 mV and 200 mV (see 
Table  1), respectively, while for the MWNT/PyPBI/Pt/PVPA, the value decreased only by 80 mV (see 
Table 1), suggesting that after coating with the PVPA, the presence of methanol showed the lowest effect 
on the ORR activity. Besides, the E1/2 was higher than those of the CB/Pt and MWNT/PyPBI/Pt at the 
same methanol concentration.

Compared to the MWNT/PyPBI/Pt/PVPA (see red and green lines in Fig. 2c, 1.0 mA/cm2), the ORR 
curves of the CB/Pt (see red and green lines in Fig. 2a) and MWNT/PyPBI/Pt (see red and green lines in 
Fig. 2b) showed high negative shifts (3.0 and 1.9 mA/cm2 at 0.85 V vs. RHE for the CB/Pt and MWNT/
PyPBI/Pt, respectively) when 2 M methanol was added to the electrolyte, indicating that the CB/Pt and 
MWNT/PyPBI/Pt heavily suffered from methanol poisoning6. Also, the diffusion limited current den-
sity of the MWNT/PyPBI/Pt/PVPA showed a decrease only by 0.7 mA/cm2 (see Fig.  2c) after adding 
2 M methanol to the electrolyte, indicating a slight effect on the O2 accessibility due to the prevention 
of methanol absorption on the Pt-NPs by the PVPA coating, while the MWNT/PyPBI/Pt and CB/Pt 
showed a 1.0 and 2.3 mA/cm2-loss (see Fig. 2a,2b) in the diffusion-limited current densities, respectively. 
Watanabe et al. pointed out that during the ORR, the oxygen molecules were supplied by spherical dif-
fusion to the individual Pt-NPs48,49. The present study indicated that after coating with the PVPA, the 
methanol absorption was partly blocked as shown in Fig. 2d in which the mass current density of the 
MWNT/PyPBI/Pt/PVPA decreased by ~50% compared to that of the MWNT/PyPBI/Pt due to the cov-
erage of the Pt-NP surfaces. The isolation of the electrocatalyst from the methanol is highly important 
for prepare a methanol-tolerant electrocatalyst. Meanwhile, the PVPA showed almost no effect on the O2 
diffusion due to the smaller size of the oxygen molecule and easy diffusion. Thus, the oxygen occupied 
the areas (radial diffusion fields) of the Pt-NPs and was reduced by the Pt-NPs in the MWNT/PyPBI/
Pt/PVPA. As schematically shown in Fig. 3, methanol is predicted to be difficult to absorb on the active 
Pt-NP surfaces, meanwhile, the possibility of methanol absorption was almost comparable to oxygen for 
the MWNT/PyPBI/Pt and conventional CB/Pt.

Peroxide (H2O2) is an unwanted product during the ORR since it degrades the FC durability via cor-
rosion of the carbon materials50. As shown in Fig. 4(a–c), the H2O2 generations of the CB/Pt, MWNT/
PyPBI/Pt and MWNT/PyPBI/Pt/PVPA were calculated using the equation, %H2O2 =  200IR/(NID+ IR), 
where IR and ID are the ring and disk currents obtained from the ORR measurement, respectively, and N 
is the collection efficiency, which corresponds to the IR/ID ratio (0.404) measured in N2-saturated 0.1 M 
KCl and 1 mM K3Fe(CN)6

31. These values were accelerated with the increase in the methanol concentra-
tions as shown in Fig. 4d, which was attributed to the decrease in the transferred electrons as shown in 
Fig. 4(e–g) and Table 2.

In the absence of methanol, the H2O2 generations of the three electrocatalysts were very low due 
to the four electrons transferred during the ORR. However, under the high methanol concentration 

Electrocatalyst 0 M 0.5 M 1 M 2 M

CB/Pt 0.76 V 0.63 V 0.62 V 0.61 V

MWNT/PyPBI/Pt 0.82 V 0.66 V 0.63 V 0.62 V

MWNT/PyPBI/Pt/PVPA 0.80 V 0.75 V 0.74 V 0.72 V

Table 1.  Half-wave potential (E1/2) of the three electrocatalysts during the ORR measurements in the 
presence of the given methanol concentrations.

Figure 3. Mechanism of high methanol tolerance for the MWNT/PyPBI/Pt/PVPA. Schematic illustration 
showing a low methanol tolerance of the MWNT/PyPBI/Pt (left) and high methanol tolerance (right) of the 
MWNT/PyPBI/Pt/PVPA.
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of 2 M, the H2O2 generations of the CB/Pt and MWNT/PyPBI/Pt dramatically increased to 20.5% and 
7.5%, which were much higher than that (0.8%) for the MWNT/PyPBI/Pt/PVPA. As is well known, 
the oxygen was first reduced to H2O2, then the H2O2 was further reduced to H2O as the ideal product. 

Figure 4. Analyses of H2O2 generations and transferred electron. Peroxide generations of CB/Pt (a) 
MWNT/PyPBI/Pt (b) and MWNT/PyPBI/Pt/PVPA (c) from the ORR detected at the ring electrode in O2-
saturated 0.1 M HClO4 and varying concentration of methanol at the sweep rate of 10 mV/s, and rotation 
rate of 1600 rpm. (d) H2O2 generations of the CB/Pt (■), MWNT/PyPBI/Pt (▲) and MWNTs/PyPBI/Pt/
PVPA (•) as a function of methanol concentration in the electrolyte. Levich-Koutecky plots from the ORR at 
0.43 V vs. RHE for CB/Pt (e), MWNT/PyPBI/Pt (f) and MWNT/PyPBI/Pt/PVPA (g). In figures (a, b, c, e, f, 
g), methanol concentrations are: 0 M (red), 0.5 M (black), 1 M (blue) and 2 M (green).

Electrocatalyst 0 M 0.5 M 1 M 2 M

CB/Pt 4.0 3.0 2.9 2.8

MWNT/PyPBI/Pt 3.9 3.7 3.6 3.5

MWNT/PyPBI/Pt/PVPA 4.0 3.9 3.8 3.8

Table 2.  Number of the transferred electrons of three electrocatalysts during the ORR measurement in 
the presence of different concentrations of methanol.
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While the high methanol concentration led to the heavy poisoning of the Pt-NPs, thus the intermediate 
(H2O2) absorbed on the Pt-NPs surface cannot be completely reduced to H2O. The lower H2O2 gen-
eration on MWNT/PyPBI/Pt/PVPA would be due to the PVPA polymer layer that prevents the H2O2 
detaching from the electrocatalyst, which is important for the reduction to H2O on the Pt-NPs, while 
the H2O2 generated on CB/Pt and MWNT/PyPBI/Pt would be easily released from the surfaces of the 
electrocatalysts5. Such higher H2O2 generations for the CB/Pt and MWNT/PyPBI/Pt should accelerate 
the corrosion of the carbon supporting materials, resulting in the decreased Pt-NPs stability. In sharp 
contrast, the polymer coated electrocatalyst, MWNT/PyPBI/Pt/PVPA, showed a high methanol tolerance 
and low H2O2 generation and 3.8 electrons were transferred during the ORR, which is close to the ideal 
ORR, suggesting that the MWNT/PyPBI/Pt/PVPA is highly important for practical use as a cathode 
electrocatalyst for the DMFCs. Accordingly, a high concentration of methanol can be fed to the anode 
side to enhance the FC performance.

In order to study the durability of the electrocatalysts, we tested the durability of three electrocatalysts 
according to the protocol from the Fuel Cell Conference of Japan (FCCJ) in which the carbon corrosion 
(C+ 2H2O→ CO2+ 4H++ 4e–, 0.207 V vs. RHE) is accelerated. The loss in carbon supporting material 
leads to degradation of fuel cell performance due to the loss of the Pt-NPs. As shown in Fig. 5a, the ECSA 
of the CB/Pt lost ~46% after 10,000 cycles from/to 1.0 to/from 1.5 V vs. RHE is due to the lower carbon 
corrosion resistance. The MWNT/PyPBI/Pt showed an ~10% loss in the ECSA after the potential cycling, 
while the MWNT/PyPBI/Pt/PVPA showed the highest durability among the three electrocatalysts (~6% 
loss in the ECSA) due to the high resistance towards carbon corrosion and the PVPA coating, which 
also reduced the carbon corrosion and Pt agglomeration. The membrane electrode assemblies (MEAs) 
were fabricated for practical application in DMFC system. The polarization curves of the MEAs meas-
ured under 100% relative humidity (RH) at 70 oC are shown in Fig. 5b. Before applying a current to the 
single cell, the open circuit voltages (OCVs) were 0.66, 0.69 and 0.82 V for the CB/Pt, MWNT/PyPBI/
Pt and MWNT/PyPBI/Pt/PVPA, respectively, in which the observed higher OCV of the MWNT/PyPBI/
Pt/PVPA suggested a higher methanol tolerance. Even though the MWNTs were coated by PyPBI and 
PVPA, little or no decrease in the electronic conductivity was observed due to the thin layer of the PyPBI 
(1–2 nm)51,52. The maximum power density of the MEA fabricated from MWNT/PyPBI/Pt/PVPA was 
187 mW/cm2 which was ~2.3 times higher than that of the commercial CB/Pt (81 mW/cm2). The MEA 
fabricated from MWNT/PyPBI/Pt was 165 mW/cm2 which was lower than that of the MWNT/PyPBI/
Pt/PVPA due to the homogeneous PVPA coating that acted as a proton conductor during the fuel cell 
measurement.

Conclusions
In conclusion, we have demonstrated that after a simple coating with PVPA, the obtained MWNT/
PyPBI/Pt/PVPA functions as a cathode electrocatalyst of the DMFCs with a high performance. This 
electrocatalyst has advantages compared to the previously reported electrocatalysts described in the 
Introduction since its performance is very high and the preparation method is very simple and easy. 
Such a high performance is due to the coated PVPA layer that blocks the methanol absorption and has 

Figure 5. Durability test and Single cell performance of three electrocatalysts. (a) Plots of normalized 
ECSAs of the CB/Pt (black line), MWNT/PyPBI/Pt (Blue line) and MWNT/PyPBI/Pt/PVPA (red line) as 
a function of the numbers of potential cycles from 1.0 to 1.5 V vs. RHE. (b) Polarization I-V and power 
density curves of MEAs fabricated from the CB/Pt (black line), MWNT/PyPBI/Pt (Blue line) and MWNT/
PyPBI/Pt/PVPA (red line) under 70 oC with 8 M methanol (9 mL/min) and 100%RH humidified air (200 mL/
min) for anode and cathode, respectively.
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no effect on the O2 diffusion. As a result, the H2O2 generation was highly restricted (only 0.8% even in 
the presence of 2 M methanol in the electrolyte, which was much lower than those of the MWNT/PyPBI/
Pt (7.5%) and CB/Pt (20.5%). Meanwhile, the power density of the MWNT/PyPBI/Pt/PVPA was ~2.3 
times higher than that of the commercial CB/Pt (81 mW/cm2).

The present study provides a new strategy for the design a practically applicable electrocatalyst as a 
DMFC cathode with a high methanol tolerance.

Method
Materials. H2PtCl6·6H2O, 2-propanol, N,N-dimethylacetamide (DMAc), ethylene glycol (EG) and 
poly(vinylphosphonic acid) (PVPA, 30 wt%) were purchased from Wako Pure Chemical Industry, Ltd. 
Commercial CB/Pt (Pt amount: 37.9 wt%) was obtained from Tanaka Kikinzuku Kogyo KK. Perchloric 
acid (70%) was purchased from EMD Millipore Chemical Co., Ltd. Methanol was purchased from Kanto 
Chemical Co., Inc. All the chemicals were used as received without any purification. The MWNTs with 
a ~20 nm diameter were kindly provided by Nikkiso Co., Ltd.

Synthesis of MWNT/PyPBI/Pt/PVPA. MWNTs (10 mg) dispersed in DMAc (20 mL) by sonication 
for 1 h and PyPBI (5 mg) dissolved in DMAc (10 mL) were mixed and ultrasonicated for 2 h, then filtered 
to obtain a solid (MWNT/PyPBI), which was dried overnight under vacuum at 80 oC. The deposition 
of Pt nanoparticles (Pt-NPs) was carried out by the reduction of H2PtCl6·6H2O in EG aqueous solution 
(EG:H2O =  3/2,v/v). First, 10 mg of MWNT/PyPBI was dissolved in a 30 mL EG aqueous solution to 
which 24 mg of H2PtCl6·6H2O in EG (20 mL) was added. The mixture was then refluxed at 140 oC for 
6 h under N2 atmosphere. The catalysts were collected by filtration, then dried overnight in oven at 80 oC 
to remove the remained solvent. MWNT/PyPBI/Pt (10 mg) dissolved in a 10 mL EG aqueous solution 
(v/v =  3:2) by sonication for 5 min and 30 wt% PVPA aqueous solution (1 mL) was mixed and sonicated 
with a bath-type sonicator for 1 h. The dispersion was then filtered with a 0.1 μ m PTFE filtrate paper, and 
washed several times by Milli-Q water to obtain MWNT/PyPBI/Pt/PVPA, which was dried overnight 
under vacuum at 60 oC.

Gas diffusion electrode (GDE) fabrication. The GDE was fabricated as follows. The electrocatalyst 
was dispersed in 50 mL of a 2-propanol aqueous solution by sonication for 1 h, then filtrered using a 
gas diffusion layer (GDL) as a filter paper. The Pt loading amount on the GDL was controlled at 2 mg/
cm2. The obtained GDE was dried overnight under vacuum at room temperature to remove any residual 
solvent.

Membrane electrode assembly (MEA) fabrication. The MEA was prepared by hot pressing the 
prepared GDE and a Nafion 117 membrane. The active area of the MEA was 1 cm2.

Characterization. The X-ray photoelectron spectroscopy (XPS) spectra were measured using an 
AXIS-ULTRADLD (Shimadzu) instrument. The TGA measurements were conducted using an EXSTAR 
6000, Seiko, Inc., instrument at the heating rate of 5 ºC/min under 100 mL/min of air. The TEM micro-
graphs were measured using a JEM-2010 (JEOL, acceleration voltage of 120 kV) electron microscope, in 
which a copper grid with a carbon support (Okenshoji) was used.

Electrochemical measurement. The electrochemical measurements were performed using a 
rotating ring disk electrode attached to an RRDE-3 (Bioanalytical Systems, Inc.) with a conventional 
three-electrode configuration in a vessel at room temperature. A glassy carbon electrode (GCE) with a 
geometric surface area of 0.196 cm2 was used as the working electrode. A Pt wire and an Ag/AgCl were 
used as the counter and reference electrodes, respectively. The potential of the electrode was controlled 
by an ALS-Model DY2323 (BAS) potentiostat. The electrocatalyst suspension was typically prepared as 
follows. The electrocatalyst (1.0 mg) was ultrasonically dispersed in an 80% aqueous EG solution (2.0 mL) 
to form a homogeneous dispersion. A portion of the dispersion was then cast on a GCE to provide an 
electrocatalyst film, which was air-dried on which the Pt-NPs (14 μ g/cm2) were deposited. The CVs of 
the electrocatalysts were carried out at a scan rate of 50 mV/s in N2-saturated 0.1 M HClO4 solutions to 
determine the ECSA values. The oxygen reduction reaction (ORR) was conducted in O2-saturated 0.1 M 
HClO4 and the given concentration of methanol using a rotation ring disk electrode (RRDE) system 
(BAS, Inc).

MOR evaluation. The methanol oxidation reaction (MOR) was evaluated before and after the dura-
bility test using N2-saturated 1 M-methanol and 0.1 M HClO4 at the scan rate of 50 mV/s at room tem-
perature without rotation. The electrode was the same as that used for the ECSA measurements. The Pt 
loading amounts were controlled at 14 μ g/cm2. Before the MOR measurements, 50 cycles were carried 
out to activate the electrocatalysts.

Durability testing. The carbon corrosion was severely tested using the protocol of the Fuel Cell 
Commercialization Conference of Japan (FCCJ)53 (measured in N2-saturated 0.1 M HClO4 at room tem-
perature without rotation), in which the potential was maintained at 1.0 V vs. RHE for 30 s, then applied 
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to 1.5 V vs. RHE at the scan speed of 0.5 V/s followed by a potential-return to 1 V vs. RHE. This proce-
dure was cycled, and after every 1000 cycles, ECSA measurements were carried out (see Supplementary 
Information, Fig. S8).

Fuel cell testing. The FC performance of the assembled MEAs was evaluated at 70 °C using a 
computer-controlled fuel cell test system (Model 890e, Scribner Associate, Inc.). The polarization 
and power density curves were obtained at the atmospheric pressure by flowing 8 M methanol (flow 
rate =  9 mL/min) and 100% relative humidified air (flow rate =  200 mL/min) to the anode and cathode, 
respectively.
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