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ABSTRACT: The CO poisoning and low durability of the anode

platinum electrocatalyst in the direct methanol fuel cell (DMFC) PyPBI
are the two crucial obstacles of the wide commercialization of the
DMEC. In this study, we synthesized two different electrocatalysts

using VulcanXC-72R (VC) and Ketjenblack (KB) as the carbon cB

CB/PyPBI CB/PyPBI/Pt CB/PyPBI/Pt/PVPA

supporting material for the methanol oxidation reaction (MOR)

and long-term durability test, in which the carbon supporting materials were wrapped by poly[2,2’-(2,6-pyridine)-S,5'-
bibenzimidazole] (PyPBI) before the platinum deposition and the fabricated electrocatalysts were coated by the
poly(vinylphosphonic acid) (PVPA) via the base-acid reaction. We have found that the as-prepared KB/PyPBI/Pt/PVPA
shows a higher durability (7% loss in ECSA) under the potential cycling from 1.0 to 1.5 V vs. RHE compared to that of the VC/
PyPBI/Pt/PVPA, which showed a 20% loss in ECSA after 10 000 cycle-durability test. Meanwhile, the KB/PyPBI/Pt/PVPA
shows a higher CO tolerance before and after the durability test compared to that of the VC/PyPBI/Pt/PVPA, especially under
very high methanol concentration (4 M and 8 M), which is close to the practical application of the DMFC. The observed higher
CO tolerance is due to the higher amount of the PVPA (14.6 wt %) in the KB/PyPBI/Pt/PVPA caused by the higher specific
surface area of the KB (1232 m*/g) compared to the VC (235 m?/g).
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B INTRODUCTION

A growing demand for the efficient but low-cost sustainable
energy has sparked significant interest in the commercial
development of the fuel cell to replace the combustion-based
energy.l_3 Direct methanol fuel cells (DMFCs) have received
considerable attention for the applications in the field of the
electronic industries,** such as portable devices, because of the
widely available fuel (methanol), high energy density (5500
Wh/kg),’ and easy storage and transportation compared to
hydrogen.” However, DMFC anode electrocatalysts still suffer
from the following two main problems that hinder the
widespread commercialization of DMFC, namely, (i) the
carbon monoxide (CO) poisoning®™'" caused by the
incomplete oxidation of the methanol(Pt(CH;OH),4 —
Pt(CO),4+4H*+4¢7)'° and (ii) serious carbon corrosion (C
+2H,0 — CO,+4H"+4e”, 0207 V vs. RHE),">™"* which
degrade the fuel cell performance during the operation.

Many researchers focused on the enhancement in the CO
tolerance by using alloying platinum (Pt) with other transition
metals, such as Ru,'>'® Sn,'”'® Mo,'”*® Ni>"*? Co,2?** etc.
However, such alloyed electrocatalysts have shown very low
durability due to the dissolution of the transition metals in the
real fuel cell operation.”® Thus, the alloyed electrocatalysts are

-4 ACS Publications  © 2015 American Chemical Society

not suitable as a catalyst material in the real DMFC. Several
groups have reported that CO tolerance of the electrocatalyst
depended on the shape (semispherical, cubic, and tetrahedral-
hexagonal) and facet of the Pt nanoparticles, > while these
electrocatalysts suffered from a complex preparation method
for the wide applications.

We have already reported a facile method to improve the CO
tolerance and long-term durability simultaneously, in which the
CB-based electrocatalyst was coated with an acidic polymer,
poly(vinylphosphonic acid) (PVPA) that was assisted by a basic
polymer poly[2,2'-(2,6-pyridine)-S,5'-bibenzimidazole]
(PyPBI).*' The PVPA weakened the binding energy between
Pt-NP and CO species and accelerated the formation of the
Pt(OH),q, due to the hydrophilic surfaces of the PVPA-coated
electrocatalyst, which is considered to consume the Pt(CO),4,
species on the electrocatalyst. Moreover, the methanol
oxidation reaction (MOR) and long-term durability were
further enhanced by decreasing the weight ratio between the
Pt feeding and the polymer wrapped carbon support.*”
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However, the CO tolerance needs to be further enhanced and
measured under high methanol concentration which is the real
situation in the DMFC, because usually high methanol
concentration is fed to the DMFC anode side to address the
sluggish kinetic of the MOR.3¥3*

On the basis of the above considerations, here we
synthesized two electrocatalysts, in which we used two different
carbon supporting materials, Ketjenblack (KB) and Vulcan
(VC), as schematically illuminated in Figure 1. The KB having

PyPBI
—_

CB CB/PyPBI

CB/PyPBI/Pt CB/PyPBI/Pt/PVPA

Figure 1. Schematic illustration for the preparation of the PVPA-
coated electrocatalyst.

higher specific surface area is expected to use greater amount of
the PyPBI to cover the surfaces and the greater amount of the
PyPBI is expected to bind with large amount of the PVPA,
which contributes to high CO tolerance. In this study, we
compared the long-term durability and the CO tolerance
evaluating in the MOR with different methanol concentration
for the two electrocatalysts. The present study provides useful
information about the preparation of a social demand state-of-
the-art DMFC anodic electrocatalyst.

B EXPERIMENTAL SECTION

Materials. Hydrogen hexachloroplatinatehexahydrate (H,PtClg:
6H,0), 2-propanol, N,N-dimethylacetamide (DMAc), ethylene glycol
(EG), and poly(vinylphosphonic acid) (PVPA, 30 wt %) were
purchased from Wako Pure Chemical Co., Ltd. Vulcan XC-72R and
Ketjenblack (ECP600JD) were purchased from Cabot Chemical Co.,
Ltd. Pt-nanoparticle (NP)-deposited CB (CB/Pt) catalyst was
purchased from Tanaka Kikinzoku Kogyo K. K,, in which 37.9 wt %
of Pt-NPs was supported on Vulcan XC-72R. Nafion solution (5 wt
%) was purchased from Sigma-Aldrich. Perchloric acid (HCIO,, 70%)
was obtained from EMD Millipore Chemical Co., Ltd. Methanol was
purchased from Kanto Chemical Co., Inc. Poly[2,2'-(2,6-pyridine)-
5,5'-bibenzimidazole] (PyPBI) was synthesized according to a
previous report.>® All aqueous solutions were made using Milli-Q
water and all the chemicals were used as received without any further
purification.

Synthesis of the CB/PyPBI/Pt. The KB/PyPBI (or VC/PyPBI)
was synthesized according to our previous reports.**~>* Briefly, the KB
(or VC) was wrapped by PyPBI using sonication (Yamato S510,
Branson) for 1 h in DMAc. The composite was then collected by
filtration, and then air-dried. Ten mg of the obtained KB/PyPBI (or
VC/PyPBI) was dispersed in an EG aqueous solution (v/v = 3:2).
Finally, the Pt loading was carried out by the reduction of the H,PtCl-
6H,0 (24 mg) in an EG aqueous solution (v/v = 3:2) at 140 °C for 6
h under a N, atmosphere. The obtained product was filtered, washed,
and then dried overnight under vacuum at 60 °C to obtain the KB/
PyPBI/Pt (or VC/PyPBI/Pt).

Synthesis of the CB/PyPBI/Pt/PVPA. Ten mg of the KB/PyPBI/
Pt (or VC/PyPBI/Pt) was dispersed in a 10 mL EG aqueous solution
(v/v = 3:2) by sonication for S min to which 1.0 mL of a 30 wt %
PVPA aqueous solution was added, then ultrasonicated for 1h followed
by filtration using a 0.1 ym PTEE filter paper to collect the solid
product, which was washed several times with Milli-Q water to remove
any physically bound PVPA, then dried overnight at 60 °C under
vacuum to remove the residual solvent.

Characterization. The X-ray photoelectron spectroscopy (XPS)
was carried out using an AXIS-ULTRAP™ (Shimadzu) instrument.
The pressure in the XPS analysis chamber was maintained at 1 X 107

Pa or lower during the measurement. In the calibration process, the
binding energy (BE) of the core level C,; peak was fixed at 284.5 eV.
Elemental analysis was performed based on the regions of the Cj;
(282-295 V), N, (395—407 eV), Pt,; (68—83 eV), and P,, (127—
139 eV) with the pass energy of 40 eV and linear background. The
surface elemental compositions were determined by the ratios of peaks
areas. Thermo gravimetric analysis (TGA) measurements were
conducted using a TGA analyzer (EXSTAR 6000, Seiko Inc.) at the
heating rate of 10 °C/min and 100 mL/min air-flow. TEM
micrographs were measured using a JEM-2010 (JEOL, acceleration
voltage of 120 kV) electron microscope. A copper grid with a carbon
support (Okenshoji Co., Ltd.) was used for the TEM observations.
Specific surface area was determined by the Brunauer—Emmett—Teller
(BET) method based on N, adsorption isotherm measurements (77
K 1x108%<P/Py<1) using a BELSORP-mini (BEL Japan, Inc.)
instrument. The gas adsorption measurements were conducted after
pretreatment at 200 °C over 12 h under high vacuum.

Electrochemical Measurements. The electrochemical measure-
ments 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 cm®
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 catalysts (1.0 mg) were ultrasonically
dispersed in each 80% 2-propanol aqueous solution (2.0 mL) to form
homogeneous suspensions, which were cast on each GCE (the loading
amount of Pt was controlled at 14 yg/cm?), then air-dried. The cyclic
voltammetry (CV) measurements of the electrocatalysts at the scan
rate of 50 mV/s were carried in an N,-saturated 0.1 M HCIO, solution
after 13 CV-cycles pretreatment with the scan rate of S mV/s in order
to activate the electrocatalyst and to obtain a stable CV curve, and then
the electrochemical surface area (ECSA) value was determined. All the
potentials were referenced to the reference hydrogen electrode

Durability Test. Carbon corrosion was tested using the protocol of
the Fuel Cell Commercialization Conference of Japan (FCCJ)**
(measured in N,-saturated 0.1 M HCIO, at room temperature without
rotation), in which the potential was maintained at 1.0 V vs. RHE for
30 s, then applied 1.5 V vs. RHE a the scan speed of 0.5 V/s, followed
by potential return to 1 V vs. RHE. This procedure was cycled, and
after every 1000 cycles, ECSA measurements were carried out three
times to calculate the average value (see the Supporting Information,
Figure S1).

MOR Evaluation. The methanol oxidation reaction (MOR) was
evaluated before and after the durability test using N,-saturated
methanol and 0.1 M HCIO, at the scan rate of 50 mV/s at room
temperature without rotation. The electrode was the same as used for
the ECSA measurements. The Pt loading amounts were controlled at
14 pug/ cm?. Before the MOR measurements, 50 cycles were carried out
to activate the electrocatalysts and to obtain a stable curve.

CO Stripping. CO stripping voltammetry was performed by
feeding the work electrode with N, for 60 min and the activation of
the electrocatalyst was carried out by 13-times CV cycles, and then
purged with CO gas (10%) for 60 min with the flow rate of 100 mL/
min, while holding the working electrode potential at 0.2 V vs. RHE.
After the adsorption, the CO was removed from the electrolyte, then
changed to N, bubbling for 50 min. The CO stripping voltammogram
was recorded with the scan rate of 50 mV/s.

Bl RESULTS AND DISCUSSION

Before the Pt deposition, the N, adsorption/desorption
isotherms of the KB and VC before and after PyPBI wrapping
were measured, and the results are shown in Figure 2a, b. The
specific surface areas calculated from the Brunauer—Emmett—
Teller (BET) method are shown in Figure 2c. The specific
surface areas of the pristine KB and VC were determined to be
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Figure 2. (3, b) N, adsorption/desorption isotherms of the KB (red
line) and KB/PyPBI (blue line), VC (black line), and VC/PyPBI
(green line). (c) Bar graphs demonstrate the specific surface areas of
the KB and VC before and after PyPBI wrapping, which were
calculated based on the BET method. (d) XPS spectra of the survey
scan of the KB/PyPBI (blue line) and VC/PyPBI/Pt/PVPA (green
line); the narrow scan of the region of the Ny, was displayed as the
inset.

1232 and 235 m’/g, respectively, which agreed with the
previous report.*’ After wrapping with the PyPBI, the KB/
PyPBI (805 m*/g) still shows ~4.5 times higher specific surface
area than that of the VC/PyPBI (176 m?/g) as shown in Figure
2c. Also the two composites were monitored by the XPS to
confirm the polymer wrapping. As shown in Figure 2d, we
observed two N peaks appeared at 398.0 and 399.0 eV that are
attributed to be the pyridinic and pyrrolic nitrogen on the
PyPB], respectively, suggesting successful PyPBI-coating of the
two carbon supports. The as-synthesized electrocatalysts were
determined by the XPS measurements (for survey scan, see the
Supporting Information, Figure S2). As shown in Figure 3a,
sharp peaks are observed at 284.5 eV, which are assigned to the
C, peaks of the carbon supports. As can be seen in Figure 3b,
the typical N, peaks derived from PyPBI were appeared at 400
eV. Meanwhile, the Pt,; peaks were detected at 71.1 and 74.4
eV shown in Figure 3c indicating that the main valence of the
Pt species is zero.*"*> As shown in Figure 3d, the typical Py,
peaks were observed at 133 eV, which is due to the PVPA.
Interestingly, the intensities of the N, and P, peaks of the KB/
PyPBI/Pt/PVPA were higher than those of the VC/PyPBI/Pt/
PVPA, suggesting the presence of greater amounts of the PyPBI
and PVPA in the KB/PyPBI/Pt/PVPA.*>* The quantitative
analysis of the surface elemental ratios displayed in Table 1
indicated that the P and N in the KB/PyPBI/Pt/PVPA were 2
and 3.5 times higher than those in the VC/PyPBI/Pt/PVPA,
respectively, which would be due to the larger specific surface
area of the KB resulting in greater amount of the PyPBI to coat
the surface of the carbon. Accordingly, greater amount of the
PVPA was expected to coat on the PyPBI on the KB/PyPBI/
Pt/PVPA via the acid—base reaction, which was confirmed by
the TGA measurements, and the results are shown in Figure 4.
The Pt contents in the KB/PyPBI/Pt and VC/PyPBI/Pt were
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Figure 3. XPS narrow scans of regions of (a) C,,, (b) Ny, (c) Pt,; and
(d) P,, of the VC/PyPBI/Pt/PVPA (black line) and KB/ PyPBI/Pt/
PVPA (red line).

Table 1. Quantitative Analysis of the Surface Elemental
Ratios of the VC/PyPBI/Pt/PVPA and KB/PyPBI/Pt/PVPA

sample C (wt%) Pt(wt%) N (wt%) P (wt%)
VC/PyPBI/Pt/PVPA 377 57.8 0.8 37
KB/PyPBI/Pt/PVPA 54.5 356 34 6.5
110 110
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Figure 4. TGA curves of the (a) KB/PyPBI/Pt/PVPA and (b) VC/
PyPBI/Pt/PVPA before (blue line) and after the PVPA coating (red
line) measured under an air flow (100 mL/min) at a heating rate of 10
°C/min.

comparable; namely, 49.5 and 50.4 wt % for the KB/PyPBI/Pt
and VC/PyPBI/Pt, respectively, indicating Pt deposition on
both carbon supports was very efficient. The PVPA amount was
calculated from the decrease in the Pt content after coating with
the PVPA because the ratio between KB/PyPBI (or VC/
PyPBI) and Pt was almost the same before and after the PVPA
coating. For the KB, the Pt content decreased from 49.5 wt %
to 42.3 wt % due to 14.6 wt % of the additional PVPA, while,
for the VC, the Pt content decreased from 50.4 wt % to 47.0 wt
% and the PVPA amount was 6.7 wt %. The PVPA amount in
the KB/PyPBI/Pt/PVPA was 2 times higher than that in the
VC/PyPBI/Pt/PVPA, which agreed with the XPS quantitative
analysis (see Table 1).
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On the basis of the Pt content, the electrochemical surface
areas (ECSAs) were evaluated using eq 1

ECSA = Q,,/210(Ptloading on the electrode) (1)

where Qy is the charge exchanged during the electro-
adsorption of the hydrogen on the Pt.**™*’

The obtained ESCA values were 60.0 and 41.6 m*/g for the
KB/PyPBI/Pt/PVPA and VC/PyPBI/Pt/PVPA, respectively
(see the Supporting Information, Figure S3a, b).The higher
ECSA of the KB/PyPBI/Pt/PVPA was due to the smaller Pt-
NPs size (2.8 + 0.1 nm, Figure Sa) caused by the higher
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Figure 5. TEM images of the KB/PyPBI/Pt/PVPA (a) before and (b)
after the durability test. Histograms of particle size distributions (100
particles) of the KB/PyPBI/Pt/PVPA before and after the durability
test are shown as the inset.

specific surface area of the KB/PyPBI compared to the Pt
deposited on the VC/PyPBI/Pt/PVPA (4.1 + 0.3 nm, see the
Supporting Information, Figure S4a), because all the PyPBI was
considered to anchor the Pt-NP via the Pt—N bonding.***

The durability test of the electrocatalysts was simplified to
evaluate the ECSAs in a 0.1 M HCIO, solution after the
potential cycling from 1.0 to 1.5 V vs. RHE to accelerate the
oxidation of the carbon supporting material based on the
protocol proposed by the Fuel Cell Commercialization
Conference of Japan (FCC], see the Supporting Information,
Figure S1). Interestingly, the KB/PyPBI/Pt/PVPA lost only by
7% of the initial ECSA after 10,000 cycles, while, the VC/
PyPBI/Pt/PVPA showed 20%-loss in the ECSA, suggesting
that the KB/PyPBI/Pt/PVPA has a higher durability compared
to the VC/PyPBI/Pt/PVPA (see the Supporting Information,
Figure S3c). Arenz et al. also reported that the Pt-NPs directly
supported on KB were more durable than those on the VC
because the VC exhibited a higher density of the surface
defects, such as edges and corners of basal planes, where carbon
corrosion was initiated due to the unsaturated valences and free
electron density.* Interestingly, after the durability test, the Pt-
NP size in the KB/PyPBI/Pt/PVPA was still 2.8 & 0.2 nm as
shown in Figure Sb, which was still smaller than that in the VC/
PyPBI/Pt/PVPA (4.2 + 0.5 nm, see the Supporting
Information, Figure S4b).

High CO tolerance is very important for the anode
electrocatalyst activity of the DMFC because the Pt-NPs on
carbon supports are easily poisoned by CO species resulting in
low performance. The CO tolerance is estimated from the I;/I,
value (I; and I, are the anodic and reverse anodic peaks,
respectively) of the CV curves of the electrocatalyst measured
in a methanol solution.’" ~>* The methanol oxidation reaction
(MOR) was measured before and after durability test by
continuously adding the methanol to the electrolyte. As shown

15888

in Figure 6a, b, the current densities of both I and I, increased
with the increase in methanol concentrations. The calculated I,/
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Figure 6. Methanol oxidation reaction (MOR) curves measured in an
N,-saturated 0.1 M HCIO, and specified methanol concentration of
the (a, ¢) KB/PyPBI/Pt/PVPA and (b, d) VC/PyPBI/Pt/PVPA
before and after durability test. Mass activities of the KB/PyPBI/Pt/
PVPA (red column) and VC/PyPBI/Pt/PVPA (black column) as a
function of the methanol concentration (e) before and (f) after

durability test.

I, values were shown in the Table 2. The I;/I; ratios were found
to decrease by 19% and 31% and with the increase in the
methanol concentrations from 0.5 to 8 M before the durability
test for the KB/PyPBI/Pt/PVPA and VC/PyPBI/Pt/PVPA,
respectively, indicating that the methanol concentration

Table 2. Comparisons of the KB/PyPBI/Pt/PVPA and VC/
PyPBI/Pt/PVPA Regarding CO Tolerance (I;/I;, Ratio)
before and after Durability Test

0.5 M
(L, 1M I/ 2M I/ 4MI/ 8M(I/

electrocatalyst ratio) I ratio) I ratio) I ratio) I, ratio)

KB/PyPBI/Pt/PVPA 245 2.11 2.08 2.02 2.00
(before durability)

KB/PyPBI/Pt/PVPA 2.39 1.96 1.69 1.67 1.63
(after durability)

VC/PyPBI/Pt/PVPA 1.56 1.31 1.25 1.19 1.02
(before durability)

VC/PyPBI/Pt/PVPA 1.38 1.21 1.2 1.03 0.87

(after durability)
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strongly affects the CO tolerance of the VC/PyPBI/Pt/PVPA
compared to that of the KB/PyPBI/Pt/PVPA. Moreover, the
KB/PyPBI/Pt/PVPA shows a high CO-tolerance in the
specified methanol concentrations before the durability test.
Under the high methanol concentration (8 M), which is close
to the practical application of the DMFCs, the I/I, ratio of the
KB/PyPBI/Pt/PVPA was almost 2 and 3 times higher than
those of the VC/PyPBI/Pt/PVPA and the commercial CB/Pt
(see the Supporting Information, Figure SS and Table S1),
respectively. The higher CO tolerance would be due to the
higher amount of the PVPA in the KB/PyPBI/Pt/PVPA, which
facilitating the water adsorption on the Pt-NP surfaces to
accelerate the formation of Pt(OH),4, which consumes the
Pt(CO),4, and promoted the removal of the CO species from
the catalyst. This was confirmed by the CO stripping
voltammograms, in which the CO oxidation peak of the KB/
PyPBI/Pt/PVPA shows a negative shift compared to that of the
VC/PyPBI/Pt/PVPA as shown in Figure 7. After the durability

0.5
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Figure 7. First cycle of the CO stripping voltammograms of the VC/
PyPBI/Pt/PVPA (black line) and KB/PyPBI/Pt/PVPA (red line) at
the scan rate of S0 mV/s at 25 °C. Zoom of the CO stripping profiles
in 0.7—1.0 V vs. RHE are shown as the inset.

test, the I/I, ratios decreased by 32% and 37% with the
increase in the methanol concentration from 0.5 to 8 M for the
KB/PyPBI/Pt/PVPA and VC/PyPBI/Pt/PVPA, respectively
(see Table 2). Moreover, after the durability test, the I/, ratios
of the KB/PyPBI/Pt/PVPA were also higher than those of the
VC/PyPBI/Pt/PVPA, especially under high methanol concen-
trations (8 M), in which the value was still 2 times higher than
that of the VC/PyPBI/Pt/PVPA. Such a high CO tolerance
before and after durability test suggested that the electrocatalyst
would be practically utilized in the DMFC anode side, in which
high methanol concentration can be fed. The current densities
of the I peak in MOR shown in Figure 6¢, d decreased after the
durability test due to the growth of the Pt-NP size. The mass
current densities before and after the durability were shown in
the Figure 6e, f. The mass current density of the KB/PyPBI/
Pt/PVPA was higher than that of the VC/PyPBI/Pt/PVPA in
the specified methanol concentration. Moreover, the KB/
PyPBI/Pt/PVPA showed almost no loss in the mass activity,
whereas the VC/PyPBI/Pt/PVPA lost by 10% of the initial
mass activity. The onset potentials of the MOR in the different
methanol concentrations of the KB/PyPBI/Pt/PVPA shows
negative shifts compared to that of the VC/PyPBI/Pt/PVPA
before and after the durability test (see the Supporting
Information, Figure SS) because of the smaller Pt-NP size,
which is more active.

B CONCLUSIONS

In conclusion, we compared two fabricated PVPA-coated
electrocatalysts using different carbon support materials, Vulcan
XC-72R and Ketjenblack having surface areas of 235 and 1,232
m?/g, respectively. The Ketjenblack-based electrocatalyst
having larger surface area led to the high usage of the PVPA
assisted by the PyPBI via the acid—base reaction to coat the
surface of the carbon support. The KB/PyPBI/Pt/PVPA
showed a higher CO tolerance compared to that of the VC/
PyPBI/Pt/PVPA before and after the durability test, which
would be due the higher amount of the PVPA (14.6 wt %),
especially under a higher methanol concentration. Moreover,
the KB/PyPBI/Pt/PVPA showed a higher durability compared
to the VC/PyPBI/Pt/PVPA. The present study has demon-
strated that the use of the KB in the PVPA-coated
electrocatalyst enhances the CO tolerance and long-term
durability, which is very important to prepare a state-of-the-
art DMFC anode electrocatalyst for practical applications.
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TEM images of the VC/PyPBI/Pt/PVPA before and after
durability. Methanol oxidation reaction (MOR) of the
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