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he direct formic acid fuel cell (DFAFC)
Thas received significant attention as a

promising energy source for portable
electronic devices.' The use of formic acid
as a fuel offers many advantages, compared
with methanol, such as higher power den-
sity due to the low oxidation potential,
better oxidation kinetics, and a lower cross-
over rate due to repulsive interactions be-
tween the Nafion membrane and formate
anions.” Although notable progress in
DFAFC research has been achieved in recent
years, several issues such as poor perfor-
mance of catalysts, long-term durability
problems, and the high cost of noble metals
have precluded the practical application of
the DFAFC.

Pd and Pt catalysts have mainly been
used as the anode catalyst for formic acid
oxidation fuel cells>™® The Pd catalyst
exhibits a high initial activity based on the
direct dehydrogenation pathway, which
counters the CO poisoning effect, but loses
catalytic activity rapidly over time.>~'> On
the other hand, the Pt catalyst is severely
poisoned by absorbed CO, which is formed
as a reaction intermediate via the undesir-
able dehydration pathway.>'*~"” In order to
overcome the limitations associated with Pd
and Pt catalysts, researchers have employed
various strategies including surface modifi-
cation with adatoms'>'®'® and the devel-
opment of disordered alloys.?>?' Work by
Abruna, DiSalvo, et al. showed that unsup-
ported intermetallic PtPb and PtBi phases
are promising electrocatalysts for formic
acid oxidation®? in terms of both onset
potential of oxidation and current density.
These catalysts showed a higher tolerance
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This study describes the one-pot synthesis and single-cell characterization of ordered, large-
pore (>30 nm) mesoporous carbon/silica (OMCS) composites with well-dispersed intermetallic
PtPb nanoparticles on pore wall surfaces as anode catalysts for direct formic acid fuel cells
(DFAFCs). Lab-synthesized amphiphilic diblock copolymers coassemble hydrophobic metal
precursors as well as hydrophilic carbon and silica precursors. The final materials have a two-
dimensional hexagonal-type structure. Uniform and large pores, in which intermetallic PtPb
nanocrystals are significantly smaller than the pore size and highly dispersed, enable pore
backfilling with ionomers and formation of the desired triple-phase boundary in single cells.
The materials show more than 10 times higher mass activity and significantly lower onset
potential for formic acid oxidation as compared with commercial Pt/C, as well as high stability
due to better resistivity toward CO poisoning. In single cells, the maximum power density was
higher than that of commercial Pt/C, and the stability highly improved, compared with
commercial Pd/C. The results suggest that PtPb-based catalysts on large-pore OMCSs may be
practically applied as real fuel cell catalysts for DFAFC.

KEYWORDS: block copolymer - self-assembly - mesoporous structure -
intermetallic nanoparticles - formic acid fuel cell
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nanocrystals are required for practical applications
of Pt-based intermetallic nanocrystals. Nazar et al.
reported the nucleated-growth synthesis of small-
pore (~3 nm) ordered mesoporous carbon (OMC)-
supported bimetallic PtBi catalysts by backfilling metal
precursors followed by reduction at 350 °C.2* Although
they successfully prepared size-controlled and highly
dispersed PtBi nanoparticles supported on small-pore
CMK-3 type OMCs with good mass activity for formic
acid oxidation, the demonstrated synthetic process
using the hard-template method is tedious and cum-
bersome, e.g., requiring sulfur preloading for high
dispersion of the PtBi nanoparticles.>* Furthermore,
only half-cell electrochemical reactions rather than
single-cell behavior were reported in their work. Most
likely, the pores are too small (<4 nm) to allow forma-
tion of a ubiquitous triple-phase boundary (TPB) during
the membrane-electrode-assembly (MEA) fabrication
process in a real fuel cell system (a single cell). Even
nanoparticles as small as 2—3 nm leave only 1—2 nm of
space for Nafion diffusion in pores of CMK-3 supports,
thus effectively blocking the ionomer.® For effective
charge (e.g., charge transfer through ionomers) and
mass transfer, support materials such as OMCs?®
should have an optimized pore size of over 10 nm with
high available surface area and interconnected pore
structures. In addition, for practical applications the
support materials loaded with catalyst nanoparticles
should be simply fabricated with a minimum number
of synthesis steps.

For all the aforementioned reasons, it is highly
desirable to synthesize Pt-based intermetallic nano-
crystals on a mesoporous carbon-type support with
highly ordered pores (>10 nm) using a facile, “one pot”
method. Compared with the backfilling method em-
ploying OMCs as catalyst supports, which requires at
least 2 weeks, one-pot methods shorten the synthetic
process time (5—6 days) and eliminate multiple tedious
fabrication steps in the synthesis of Pt-based nano-
particles such as impregnation of pores with sulfur,
followed by metal salts and subsequent heat treatment
(Figure S1 in the Supporting Information).?”2® Further-
more, in an amphiphilic block-copolymer directed
one-pot synthesis hydrophobic metal precursors can
be loaded exclusively into the hydrophobic part of the
block copolymers due to favorable hydrophobic—
hydrophobic interactions.?® This optimized metal
precursor choice leads to selective and exclusive de-
position of the resulting Pt-based metal nanoparticles
on the surface of the pores rather than within the pore
walls of the carbon-based support. Although Orilall
et al. synthesized a large-pore mesoporous niobium
oxide—carbon composite incorporating Pt-based
nanoparticles by using block copolymer poly(isoprene-b-
ethylene oxide) (PI-b-PEO) as the structure-directing
agent,”® according to their XRD results the resulting
nanoparticles did not exhibit an intermetallic phase.
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Furthermore, an expensive Nb-based oxide would
not be desirable as the support material in real-world
applications. Finally, in their work the ordered meso-
structure was destroyed when reducing Nb,Os to
NbO, to get sufficient electrical conductivity, which
diminishes the desired benefits of the ordered struc-
ture. Neither in the work by Orilall et al. nor in the work
by Nazar et al. were materials tested in single-cell
configurations.

Herein, we report the one-pot synthesis and single-
cell characterization of highly dispersed intermetallic
PtPb nanocrystals in ordered large-pore (>30 nm)
mesoporous carbon—silica composites (PtPb-OMCS)
having a 2-D hexagonal type structure. Lab-synthesized
poly(styrene-b-ethylene oxide) (PS-b-PEO) is used to
simultaneously direct hydrophobic metal precursors,
as well as hydrophilic carbon and silicate precursors.
We chose ordered mesoporous carbon—silica (OMCS)
composites rather than OMCs as support as it is known
that coexisting silica species in the walls are important
to improve thermal and mechanical stability of the
framework.>° Besides, it is reported that silicate species
are stable under polymer-electrolyte-membrane fuel
cell (PEMFC) operation conditions.'? The activity and
stability of the resulting PtPb ordered intermetallic
nanocrystals in large-pore OMCSs are compared with
commercial Pt/carbon and Pd/carbon and are found
to be superior. Single-cell performance is analyzed in
order to demonstrate that the current PtPb-OMCSs
catalyst can be practically applied in real fuel cells
owing to the interconnected pores of the large-pore
OMCSs. For practical applications in such tests the
catalyst should outperform conventional Pt/C and
Pd/C as a single-cell catalyst. As far as we are aware,
such synthesis of materials for high-performance
DFAFC anode applications has not been reported to
date.

RESULTS AND DISCUSSION

Structural Characterization. 2-D, hexagonal, highly
ordered, large-pore mesoporous carbon—silica com-
posites with intermetallic PtPb nanoparticles (PtPb-x-
OMCS; x represents the weight percentage of inter-
metallic PtPb nanoparticles based on the final carbon/
silica composite) were prepared in organic solvents
by coassembly of amphiphilic copolymer (PS-b-PEO)
acting as a structure-directing agent, resol** as a
carbon precursor, and tetraethylorthosilicate (TEOS) as
a silica precursor and with metal precursors through an
evaporation-induced self-assembly (EISA)***® process
(Figure 1). Laboratory-synthesized PS-b-PEO was
selected as a structure-directing agent and was prepared
via atom transfer radical polymerization,*® a poly-
merization technique that makes block copolymer
synthesis accessible to the nonexperts. The hydrophilic
resols and oligomer silicate species having a number
of —OH groups can interact strongly with the PEO block
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Figure 1. Schematic representation of the one-pot synthetic process for preparing intermetallic PtPb containing ordered

large-pore mesoporous carbon—silica composites.

of the copolymer via hydrogen bonding, while the
hydrophobic metal precursors selectively interact with
the hydrophobic styrene segments. Precise control of
the molar ratio of Pt and Pb precursors is crucial in the
initial step of the experiment in order to produce
the intermetallic PtPb phase by thermal reduction at
700 °C under a Hy/Ar atmosphere. During the EISA
process at 50 °C, self-organization of the mixtures into
ordered nanostructures close to equilibrium is induced
by the block copolymers>* Following the thermal
annealing process at 100 °C, the resol and silicates
are polymerized, freezing the block copolymer meso-
structure into the solid state.

The small-angle X-ray scattering (SAXS) patterns of
the as-synthesized PtPb-x-OMCS (Figure 2a—c, black
line) show several scattering peaks in a g range of
0.1—1.0. All of the as-synthesized PtPb-x-OMCS materi-
als exhibit SAXS patterns with some combination of
peak intensity ratios, g™/g*, of 1:3"%:4'2:9"2, where g*
and g™ are the peak positions of the first and higher
order maxima, respectively. Such a sequence is indica-
tive of a well-ordered 2-D hexagonal mesostructure
with long-range order. The corresponding dspacing
values (d;q0) of the first-order peaks (g*) of the as-
made PtPb-0-OMCS, PtPb-4.5-OMCS, and PtPb-9-
OMCS samples are 35.2,46.8, and 44.3 nm, respectively.
The increase in the dsp,cing Of PtPb-4.5-OMCS and PtPb-
9-OMCS compared with PtPb-0-OMCS indicates that
the hydrophobic metal precursors function not only as
metal sources for PtPb intermetallic nanocrystals but
also as pore expanders.?®*” This expansion is beneficial
for easy penetration of ionomers and facile formation
of TPB with PtPb nanoparticles within the pores of the
OMCS upon ionomer infiltration.

During heat treatment at 700 °C under mixed gas
(4% Hy/Ar) atmosphere, the Pt and Pb precursors
are thermally decomposed and converted into inter-
metallic PtPb, and the portion of the PS blocks that
contains the sp>-hybridized benzene ring is partially
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converted into rigid amorphous carbon, which lines
the inner walls of the large-pore OMCS, and can
prevent the size increase and agglomeration of nano-
particles.33° Recently, carbon-riveted Pt nanoparticles
were prepared on Vulcan XC-72 by coating standard
Pt/Vulcan XC-72 with glucose to improve the stability
of the Pt nanocatalyst.*° In the synthetic system used in
the present study, Pt and Pb precursors mixed with the
polystyrene (PS) block of the block copolymer, which
is converted to riveted carbon during the thermal
decomposition, thus stabilizing the forming PtPb inter-
metallic nanocatalysts. Simultaneously, the PEO block
mixed with the carbon and silica precursors is decom-
posed and consequently generates micropores in the
resulting carbon—silica framework structure. Figure 3
shows Raman spectroscopy of three selected samples
of OMC (without silica), PtPb-0-OMCS, and PtPb-4.5-
OMCS. All of the Raman spectra display two broad
peaks at around 1336 and 1600 cm ™, corresponding
to the D and G signals for carbons, respectively. The
G-band is related to the stretching of sp>-bonded
carbon atoms in rings or chains. On the other hand,
the D-band results from the breathing mode of
sp>-bonded carbon atoms in rings not chains.*’*
This implies that self-assembled precursors (resol
and part of PS) were successfully converted to con-
ductive carbon materials. Although a lower tempera-
ture heat treatment is advantageous for the formation
of small-sized Pb- or Pt-based nanoparticles,***** pow-
der XRD patterns of PtPb-OMCS heat-treated at 450 °C
showed coexistence of Pt, Pb, and intermetallic PtPb
phases (Figure S2 in the Supporting Information),
indicating that heat treatment at 450 °C is insufficient
for the full conversion of metal precursors into inter-
metallic PtPb nanoparticles. Therefore, we heat-
treated our catalysts at 700 °C to obtain inter-
metallic PtPb nanoparticles. Furthermore, a higher
temperature is required to obtain sufficient electrical
conductivity of the carbon support (Figure S3 in the
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Figure 2. Characterization of materials by X-ray analysis. (a—c) SAXS patterns of ordered mesoporous carbon—silica
composites as-made (black line) and calcined (red line): (a) PtPb-0-OMCS, (b) PtPb-4.5-OMCS, and (c) PtPb-9-OMCS. (d)
Powder XRD patterns of calcined PtPb-4.5-OMCS (black line) and PtPb-9-OMCS (red line) overlaid with the reported peak
positions and intensities of PtPb intermetallics (blue, solid line) and Pt,Pb (red, dotted line).
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Figure 3. Raman spectroscopy of OMC, PtPb-0-OMCS, and PtPb-4.5-OMCS.

Supporting Information).*>~*’ The agglomeration of
nanoparticles during heat treatment at 700 °C might
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be minimized due to the riveted carbon originating

from the PS blocks.*°
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SAXS characterization of the calcined samples
clearly shows that the 2-D hexagonal, large-pore meso-
porous structure is still retained after heat treatment
at 700 °C (Figure 2a—c, red line). In the case of PtPb-9-
OMCS, the peaks became somewhat less distinct
due to the higher loading of nanoparticles within the
structures, which can reflect X—rays.48 A comparison of
the SAXS patterns of calcined and as-made samples
shows that peaks shifted to higher g values following
calcination because of shrinkage of the framework
during the removal of all volatile species and cross-
linking of inorganic materials. The corresponding d;qo
values of the calcined PtPb-0-OMCS, PtPb-4.5-OMCS,
and PtPb-9-OMCS are 323, 424, and 41.1 nm,
respectively.

Powder XRD patterns of calcined PtPb-4.5-OMCS
and PtPb-9-OMCS shown in Figure 2d reveal the for-
mation of metal nanoparticles consisting of single
phase intermetallic PtPb (P6s/mmc, a = 424 A, ¢ =
5.48 A, JCPDS-ICDD #06-0374) with Pt,Pb (JCPDS
#06-0574) as a small fraction of impurities. Similar
XRD patterns have been occasionally observed in
previous reports in which the authors studied synthesis
of intermetallic PtPb nanoparticles prepared by reduc-
ing metal—organic precursors with NaBH, or polyal-
cohol in the presence of oleylamine and oleic acid.**>°
The average crystallite size of PtPb-4.5-OMCS and
PtPb-9-OMCS, as calculated from the Debye—Scherrer
equation,® was found to be 11.9 and 13.1 nm, respec-
tively. Increasing the loading level from 4.5 to 9 wt %
did not significantly increase the crystal size. Further
verification of the intermetallic phase of PtPb came
from high-resolution transmission electron micro-
scope (HR-TEM) (Figure 4f) analyses. The observed
lattice planes with a d-spacing of 0.219 nm were
assigned to the (102) planes of intermetallic PtPb.
The HR-TEM image and Fourier-transform (FT) pattern
of a single PtPb nanoparticle (Figure 4g) suggest that
intermetallic nanoparticles are single crystal. Induc-
tively coupled plasma spectroscopy analysis revealed
that the Pt:Pb atomic ratio was close to 1:1 (Pt: 2.18 wt
%, Pb: 2.29 wt % for PtPb-4.5-OMCS and Pt: 4.42 wt %,
Pb: 4.54 wt % for PtPb-9-OMCS based on carbon—silica
composites, respectively). The results of scanning
electron microscope (SEM) in combination with EDX
(energy dispersive X-ray spectroscopy) further confirm
that OMCS-supported intermetallic PtPb nanoparticles
were formed successfully via co-reduction of metal
precursors by high-temperature treatment without
significant leaching of Pb and agglomeration of inter-
metallics (Figure S4 in the Supporting Information).

The structure of the ordered, large-pore mesopor-
ous carbon—silica composites was also investigated
by nitrogen physisorption (Figure 5). All of the PtPb-
OMCS samples show typical type IV N, adsorption—
desorption isotherms with a sharp capillary condensa-
tion at 0.95 P/Py and H1-type hysteresis (Figure 5a).

SHIM ET AL.

Figure 4. Characterization of materials by electron micro-
scopy. (a, ¢) SEM images of (a) PtPb-0-OMCS and (c) PtPb-
4.5-OMCS. (b, d, e) TEM images of (b) PtPb-0-OMCS, (d) PtPb-
4.5-OMCS, and (e) PtPb-9-OMCS. (f) HR-TEM image of
intermetallic PtPb nanoparticle. (g) Fourier-transform (FT)
pattern of single PtPb nanoparticle along the [2 4 —1] zone
axis obtained from (f).

This implies that the mesostructure of PtPb-x-OMCS
exhibits cylindrical geometry, large pores, and high
uniformity.>2 The pore sizes of PtPb-0-OMCS, PtPb-4.5-
OMCS, and PtPb-9-OMCS estimated from the Barrett—
Joyner—Halenda method>® using the N, adsorption
branch of the isotherm are as large as 26, 35, and
34 nm, respectively (Figure 5b). The surface areas of
PtPb-0-OMCS, PtPb-4.5-OMCS, and PtPb-9-OMCS are
472, 434, and 372 m?%/g, respectively.

TEM (Figure 4b, d, e) and SEM (Figure 4a, c) images
provide firm evidence of the highly ordered structure
of the 2-D hexagonal PtPb-x-OMCS samples. The ob-
served pore size of each sample was consistent with
the pore size distribution analysis result of the BET
measurement. PtPb nanoparticles with approximate
sizes of 10 nm are located inside the ordered channels
and are well-dispersed with a negligible amount of
large-sized PtPb agglomerates (see also Supporting
Information Figures S5 and S6). The size distribution of
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Figure 5. Characterization of materials by N, physisorption.
(@) N, adsorption—desorption isotherms and (b) pore size
distributions of PtPb-0-OMCS (black line), PtPb-4.5-OMCS
(red line), and PtPb-9-OMCS (blue line).

nanoparticles was analyzed by counting 300 nanopar-
ticles from the TEM images (Figure S7 in the Supporting
Information). The particle sizes inferred from the TEM
images are very close to those from the XRD analysis,
which corroborates that most of the PtPb nanoparti-
cles are single crystalline.”* A slight difference between
sizes of nanoparticles obtained from TEM images and
those calculated from the Scherrer equation could be
attributed to the presence of a small fraction of PtPb
agglomerates. For comparison, in a previous report in
which unsupported intermetallic PtPb nanoparticles
were synthesized by a sodium borohydride reduction
method at low temperature,® a discrepancy between
the XRD and SEM/TEM analyses was found where XRD
analysis indicated a crystal size of 10.6 nm, whereas
the resulting particle size observed by SEM or TEM was
152 nm, due to severe aggregation of primary particles.
The average size of the mesoporous composite parti-
cles was 700—800 nm (the whole distribution ranging
from hundreds of nm to ~1 um) after a light ball-mill
treatment (Figure S8 in the Supporting Information).
Because the metal precursors preferentially reside in
the PS domains, the nanoparticles in the resulting
structure should be located inside the channel-type
pores. If we used the hydrophilic metal precursors,
which can selectively interact with the hydrophilic PEO
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segments, the resulting nanoparticles would be lo-
cated in the walls (Figure S9 in the Supporting
Information). Even in the case of PtPb-9-OMCS, which
had the highest nanoparticle loading investigated
here, ordered large-pore mesostructures with well-
dispersed PtPb nanoparticles were retained without
structural collapse (Figure 4e).

The indispensability of laboratory-synthesized
block copolymers such as PS-b-PEO for confining PtPb
nanoparticles inside the large-pore OMCS through a
simple one-pot synthesis was illustrated by compar-
ison with a synthesis in which the commercially
available block copolymer F127-(EO);¢6(PO)70(EO)106
(hereafter referred to simply as F127) was used as the
structure-directing agent. The synthesis was con-
ducted using a similar experimental technique and
under the same conditions as described in the Meth-
ods section. During the metal—copolymer assembly,
hydrophobic Pt and Pb precursors were expected
to be selectively incorporated into the PPO portion
of the polymer, which is relatively hydrophobic. How-
ever, TEM analysis (Figure S10a in the Supporting
Information) showed that most of the PtPb nanoparti-
cles were not confined within the pores of the resulting
mesoporous silica—carbon composite and the metallic
particle size was larger than 30 nm. X-ray diffraction
patterns (Figure S10b in the Supporting Information) of
PtPb obtained by using the F127 template showed a
double-phase structure consisting of PtPb (JCPDS-
ICDD #06-0374) and Pt,Pb (JCPDS-ICDD #06-0574),
while the crystallite size calculated from the Debye—
Scherrer equation was 30.2 nm, similar to that
observed by TEM. This result is consistent with the
formation of bimetallic PtPb phases prepared by arc-
melting under extended sintering treatment,”” indicat-
ing that the PtPb nanoparticles are largely placed in
an exposed environment due to a weak confine-
ment effect of the PPO portion of the F127 template.
Moreover, the channel size of the mesoporous carbon—
silica composites formed from the F127 template
is known to be smaller than 10 nm.*° Therefore, the
fact that the nanoparticles are larger than the channels
of the F127-templated mesoporous carbon—silica
materials can be attributed to the poor selective inter-
action between the PPO group and the hydrophobic
metal precursors. In other words, the PPO segment of
F127 was insufficiently hydrophobic to produce an
efficient interaction with the hydrophobic Pt and Pb
precursors. As a result, PtPb nanoparticles might be
present on the outer region of the pores and agglom-
erate into larger crystals during heat treatment at
700 °C. These results confirm that the difference
between hydrophobicity and hydrophilicity in an
amphiphilic block copolymer must be sufficiently
large for selective inclusion of the PtPb nanocrystals
inside the pores of the OMCS, highlighting the impor-
tance of laboratory-synthesized block copolymers for

ACNTANE
VOL.6 = NO.8 = 6870-6881 = 2012 K@L@Bﬁi{\j

WWwWW.acsnano.org

6875



a b c
2] PUC (10 wt% " "
T o Pthit sv:)njlz;s 1 =0 Fo — PIPb-9-OMCS
- -9 T: 10| — PtPb-4.5-OMCS - — PYC (10 wt%)
2 o45{ — PtPb-9-OMCS € ,s] — PtPb-9-OMCS g os
< < < o6
> o1 > 06 2
3 2 o4 Z o4
B o0s S kit
< < 02 < o2
2ooo ] a a
§ g 0.0 S oo
-0.05 - - - - - -0.2 T T T T T T T T T T T d
0.2 0.1 0.0 0.1 0.2 0.2 01 0.0 01 0.2 02 00 02 04 06 08 10 12
E(V) vs. Ag/AgCI (NaCl sat.) E(V) vs. Ag/AgCI (NaCl sat.) E(V) vs. Ag/AgCI (NaCl sat.)
d e f
0.06 0030 0012
00s{ PUYC (10 wt%) 0025 { PdIC (10 wt%) 0o010] PtPb-9-OMCS
0.04 0.020 0.008
__ 003 . 0015 0.006 |
< < <
£ o £ o010 £ 0004
= oot ™ 0.005 = 0.002
0.00 0.000 0.000
-0.01 -0.005 0.002
-0.02 T T T T d -0.010 T T T T T T T 0.004 - T T T
02 0.0 02 04 06 08 02 00 02 04 06 08 10 02 00 02 04 06

E(V) vs. Ag/AgCI (NaCl sat.)

E(V) vs. Ag/AgCI (NaCl sat.)

E(V) vs. Ag/AgCI (NaCl sat.)

Figure 6. (a, b) Rotating-disk electrode voltammograms (10 mV s~ and 2000 rpm) from Pt/C (black line), PtPb-4.5-OMCS (red
line), and PtPb-9-OMCS (blue line) for formic acid oxidation measured as (a) mass activity based on loading of entire catalysts
(50 ug cm~2) and (b) metal nanoparticles in 0.5 M formic acid and 0.1 M H,SO,. (c) Steady-state cyclic voltammograms (anodic
scans) of Pt/C (red line) and PtPb-9-OMCS (black line) in 0.5 M formic acid and 0.1 M H,S0, at a scan rate of 10 mVs~". (d—f) CO
stripping profiles obtained from (d) Pt/C, (e) Pd/C, and (f) PtPb-9-OMCS in 0.1 M H,SO, aqueous solution at 10 mV s~ '. The
black and red curves were obtained before and after CO exposure for 30 min, respectively.

facile synthesis of functional large-pore mesoporous
materials.

Electrochemical Characterization. The electrocatalytic
activity of the PtPb-OMCS catalysts toward formic acid
oxidation was studied by cyclic voltammetry (CV).
Figure 6a and b shows the rotating-disk electrode
voltammograms of formic acid oxidation on PtPb-x-
OMCS catalyst electrodes in 0.5 M formic acid and 0.1 M
H,SO, aqueous solution in the range —0.2 to +0.2 V
(vs Ag/AgCl) at a potential scan rate of 10 mV s~ .
A commercial Pt catalyst supported on Vulcan XC-72
(10 wt %, Pt/C) was also tested under the same condi-
tions for comparative purposes. Because the loading
levels of PtPb on the OMCS are 4.5 and 9 wt %, the
commercial catalyst with 10 wt % Pt/Vulcan XC-72 was
chosen. The oxidation current was normalized to the
entire catalyst loading (in A/mgentires Figure 6a) and
metal nanoparticle loading (in A/mgmetalr Figure 6b),
respectively. The oxidation current was doubled when
the total amount of PtPb nanocatalyst increased by a
factor of 2 between PtPb-4.5-OMCS and PtPb-9-OMCS.
This implies that the catalytic sites in the PtPb surface
region, where formic acid oxidation takes place,
doubled as the total amount of catalyst doubled from
4.5% to 9%, indicating that the nanoparticles partici-
pate uniformly in the formic acid oxidation.

For high catalytic efficiency, high oxidation currents
must be obtained, and therefore, the catalyst system
should exhibit low overpotentials at around —0.2 V (vs
NaCl saturated Ag/AgCl), where the onset of thermo-
dynamic formic acid oxidation occurs.”® The onset
potential was defined as the point where the mass
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activity reached 0.005 A/mg.>” PtPb-4.5-OMCS, PtPb-9-
OMCS, and Pt/C exhibited onset potentials of —0.18,
—0.19, and —0.03 V, respectively. The onset potentials
of PtPb-4.5-OMCS and PtPb-9-OMCS were thus lower
than that of Pt/C by 0.15 and 0.16 V, respectively,
indicating more facile oxidation of formic acid on the
intermetallic PtPb nanoparticles than on pure Pt. The
mass activity values at +0.2 V for formic acid oxidation
on PtPb-4.5-OMCS and PtPb-9-OMCS were 1.33 and
1.14 A/Mgpmeta, Which is more than 10 times higher
than that of Pt/C (0.13 A/mQgmeta) at the same potential.
In particular, PtPb-4.5-OMCS showed the highest mass
activity of 1.33 A/Mgmetal (2.66 A/mgg,) at 0.2 V. Since
the average size of PtPb nanoparticles is around 12 nm,
the estimated oxidation current per cm? is 40.4 mA/cm?,
which is higher than previously reported values of
bulk PtPb,*® indicating the catalytic properties of bulk
PtPb are well retained at the nanoscale. Additionally,
well-dispersed (unaggregated) nanoparticles in OMCS
having large 2-D hexagonal pores are beneficial
for significant increases in catalytic activity for formic
acid oxidation. In terms of beneficial particle size
effects on electrocatalysis, 5—7 nm Pd nanoparticles
are reportedly the most favorable for formic acid
oxidation.® Considering the larger particle size of PtPb
nanoparticles (10 nm) than that of commercial Pt/C
(2 nm) and Pd/C (7 nm, Figure S11 in the Supporting
Information), the significant increases in catalytic
activity for formic acid oxidation obtained with the
PtPb nanoparticles can most likely be ascribed to
the high specific activity of the PtPb intermetallic
phase,?® as well as the homogeneous dispersion of
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the nanoparticles inside the channel-type pore struc-
ture of the large-pore OMCS. Furthermore, the large
2-D hexagonal pores in the OMCS provide facile trans-
port of fuels (formic acid) to the intermetallic nano-
crystalline catalyst.

It is well known that the oxidation of formic acid
proceeds via a dual-pathway mechanism'” consisting
of direct oxidation of formic acid to CO, at lower
potential via dehydrogenation and the indirect path-
way (or CO pathway) via formic acid dehydration in
which CO is generated as a reaction intermediate.
Because the indirect pathway requires more catalytic
sites for the further oxidation of adsorbed CO at higher
potential, it is generally considered an inefficient and
undesirable pathway. Furthermore, CO typically poi-
sons the Pt-based electrocatalyst. Figure 6¢ displays
the anodic oxidation profile of steady-state cyclic
voltammograms of formic acid on PtPb-9-OMCS and
Pt/C. For Pt/C, two distinguishable anodic peaks were
observed. The second current peak at 0.73 V is much
higher than the first current peak at 0.38 V, indicating
that the electrochemical oxidation of formic acid on
the Pt electrode occurs mainly through the undesirable
dehydration pathway.'” In other words, the Pt surface
is easily blocked or poisoned by CO generated during
the formic acid oxidation. For PtPb-9-OMCS, on the
other hand, only one anodic peak was observed at
lower potential (0.37 V), and in addition, the obtained
current per unit mass of metal is 5 times higher than
that of the Pt/C electrode at the same potential. This
indicates that the formation of CO is almost entirely
precluded on the PtPb-x-OMCS electrode, and formic
acid oxidation proceeds mainly through the desired
dehydrogenation pathway."”

Even though the PtPb intermetallic nanocatalyst
electrochemically oxidizes formic acid mainly through
the dehydrogenation pathway, it is still important
to prevent CO adsorption on the PtPb intermetallic
nanocatalyst since very small amounts of CO may be
generated after the catalytic reaction. Figure 6d—f
shows the CO stripping voltammograms of 10 wt %
Pt/C, 10 wt % Pd/C, and PtPb-9-OMCS in 0.1 M H,SO,
solution before and after aeration with CO gas for
30 min. The black lines in all of the profiles of
Figure 6d—f represent the voltammetric profile in a
N,-saturated solution of 0.1 M H,SO, for the clean
electrode before CO bubbling. The highest current
density for CO oxidation occurs on Pt/C with a sharp
peak at ca. +0.5 V (Figure 6d), indicating the high
affinity of the Pt surfaces toward CO adsorption. On the
Pd surfaces, a broad oxidation peak is observed over
the potential range from +0.5 to +0.9 V (Figure 6e),
and the onset potential of CO oxidation was 0.17 V
higher than that of Pt/C. The broader CO oxidation
peak at higher potential on Pd/Cis due to the oxidation
of strongly absorbed CO to CO,. In the case of PtPb-9-
OMCS (Figure 6f), the current density of CO stripping is
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much weaker than that of pure Pt/C and Pd/C, suggest-
ing that PtPb-9-OMCS exhibits a much higher resistance
toward CO adsorption than both Pt/C and Pd/C. The
lower onset potential compared with Pt/C and Pd/C
indicates that even if there is a negligible amount of
absorbed CO, it can be easily and rapidly oxidized to
CO,. The dramatic enhancement of CO tolerance on
the PtPb-9-OMCS electrode could be ascribed to the
expanded Pt—Pt distance of Pt ions on the inter-
metallic PtPb surfaces relative to pure Pt, which results
in inhibition of CO adsorption at bridges and 3-fold
hollow sites.®” In the PtPb-x-OMCS electrode, a very
small amount of CO will be generated during fuel cell
operation because the PtPb intermetallic phase cata-
lyzes the oxidation of formic acid to CO, by the direct
pathway. This small amount of CO will not be adsorbed
onto the PtPb intermetallic nanocrystals and, thus,
should not affect the electrode performance of
PtPb-x-OMCS. The minimized formation of CO by the
dehydration pathway and negligible CO poisoning on
PtPb-x-OMCS should lead to enhanced catalytic per-
formance when it is used as a real fuel cell catalyst
in single-cell systems. Using the CO stripping method,
the electrochemical active surface area (EASA) can be
measured in the case of Pt nanocatalysts. However,
intermetallic PtPb catalysts show very poor affinity, as
shown in Figure 6f. Therefore, EASA cannot be calcu-
lated from the peak charge of CO in the present case.”®
The stability of the catalysts was examined by
chronoamperometry in formic acid oxidation at 0.3 V
vs Ag/AgCl. As shown in Figure S12, the current for
formic acid oxidation of PtPb-9-OMCS slowly decreases
to preserve about 50% of its initial activity. In contrast,
the Pd/C and Pt/C catalysts lost more than 50% of their
initial activity within five minutes. Moreover, PtPb-9-
OMCS shows a higher initial activity (1.56 A/MJmetal)
and a lower deactivation rate of 4.4%/100 s after 1000 s
than Pt/C and Pd/C, for which the initial activities were
0.16 and 0.31 A/mgmeta @and the deactivation rates
were 5.1 and 9.2%/100 s after 1000 s, respectively. The
deactivation rate of PtPb-9-OMCS is comparable to
that of previously reported PtBi/OMC over the same
period.?® The rapid degradation rate of the oxidation
current on Pt/C and Pd/C seems to be due to CO
poisoning, whereas the slower deactivation rate of
PtPb-9-OMCS indicates the better resistivity toward
CO poisoning. After 1 h, the mass activity of PtPb-9-
OMCS (based on metal) for formic oxidation was 7 and
30 times higher than those of Pt/C and Pd/C, respec-
tively. This confirms that the simple one-pot method
for synthesis of intermetallics on large-pore OMCSs
presented herein could be an effective route to achiev-
ing both high catalytic activity and stability.
Incorporation of Pt-based catalysts into the small
pores of CMK-3 carbon (pore size <5 nm) would inhibit
the formation of the TPB phase because the micelle
structure formed from ionic clusters present in the
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Nafion membrane is known to be larger than 4 nm.>®
In contrast, the pore size of PtPb-x-OMCS is larger than
30 nm even after catalyst loading, which is favorable
for the formation of TPB sites. Although it is very
difficult to confirm that Nafion is fully penetrating into
the pores, electron energy loss spectroscopy (EELS)
maps of sulfur on Nafion/PtPb-9-OMCS showed sulfur
is distributed within the channels of PtPb-9-OMCS
(Figure S13 in the Supporting Information). This ob-
servation suggests that Nafion ionomers containing
sulfonic acid groups were successfully infiltrated into
the pores of PtPb-9-OMCS. The nanocrystalline PtBi-
incorporated CMK-3 support with small pore size was
not tested as an anode catalyst in a real fuel cell. ?*

In the present study, PtPb-9-OMCS, commercially
available Pt/C, and Pd/C were tested as electrocatalysts
in the anode of the DFAFC by using 5 M formic acid.
The DFAFC test was performed using two MEAs of each
sample to check the reliability and the reproducibility
(Figure S14 in the Supporting Information). Figure 7
shows the [-V curves of PtPb-9-OMCS, Pt/C, and Pd/C
catalyst with power density performance at tempera-
tures of 30, 40, and 50 °C. An open circuit voltage of ca.
0.9V was observed for all three samples. The maximum
power density of PtPb-9-OMCS at 50 °C was 239.8 mW/
Mgpipp, Which is 53% higher than that of the commer-
cial Pt/C (156.63 mW/mgp,). Pd/C (256.24 mW/mgpy)
showed a slightly higher power density than PtPb-9-
OMCS (Figure 7c). However, Pd/C exhibited rapid
degradation above 550 mA/mgpq. In other words,
Pd/C catalyst is unstable in the high current density
region, which is related to poisoning of Pd catalyst in
formic acid fuel. In general, catalyst support materials
are important for the performance of fuel cells because
they provide mass transport of fuels and reactants,
electrochemical active area, etc.5%®" The large-pore
OMCS offers effective mass transport and high rate of
formic acid oxidation due to the ordered large-pore
channel structure with large surface area. As a result,
the maximum current density of PtPb-9-OMCS mea-
sured at 0.25 V was 941.11 mA/mgppp,, Which is much
higher than those of Pd/C (715.43 mA/mgpy) and Pt/C
catalysts (491.31 mA/mgp,). These results indicate that
the ordered large-pore mesoporous carbon—silica
structure and intermetallic PtPb catalyst particles of
PtPb-9-OMCS contribute to the enhanced formic acid
fuel cell performance.

It is practically important to compare the power
density at 0.4 V, which is a typical voltage of DFAFC
operating conditions.®?%®> Thus, we compared the
power density of each MEA at 0.4 V. Power densities
were 210 mW/mgppp, for PtPb-9-OMCs, 83 mW/mgp,
for Pt/C, and 241 mW/mgpq for Pd/C, respectively. Pd/C
showed somewhat higher power density than PtPb-9-
OMCS catalyst at 0.4 V and 50 °C. However, the stability
performance of catalysts is important and should be
considered in practical applications of DFAFC.
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To confirm the stability performance of three
catalysts, MEA stability tests were performed by apply-
ing constant voltage (0.4 V) to cells for 6 h at 50 °C
(Figure 8). Pd/C has the highest performance among
the catalysts at the onset point, but the degradation
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rate of the power density is the highest, decaying from
245.01 to 48.38 mW/mgpy during 6 h. Thus the activity
of Pd/C is good at very short times, but this catalyst
has poor stability in formic acid fuel cells over long
times, since Pd is easily poisoned by unknown organic
species.”® In contrast, the PtPb-9-OMCS catalyst, hav-
ing enhanced tolerance for CO poisoning, shows more
stable performance compared with Pd/C (PtPb-9-
OMCS stability performance: 236.08 (initial) to 134.51
mW/mgppp, after 6 h). Although Pt/C shows the most
stable performance, the initial power density is lowest
(120.65 mW/mgp,) and the power density after 6 h is
also lower than that of PtPb-9-OMCS.

When we further increase the single-cell operation
temperature to 60 °C, the power density of the PtPb-9-
OMCS catalyst measured at 0.4 V was 273 mW/mdppp,
higher than those of Pt/C (148 mW/mgp,) and Pd/C
(233 mW/mgpg) (see Figure S15 in the Supporting
Information).

The single-cell performance results suggest that the
presented PtPb-x-OMCS catalysts may be practically
applied as real fuel cell catalysts for DFAFC.

CONCLUSIONS

In conclusion, a one-pot process rather than tedious
multistep procedures was employed to successfully
prepare ordered (2D hexagonal) large-pore (>30 nm)
mesoporous carbon/silica composites with highly
dispersed intermetallic PtPb nanocatalysts for use
as anode catalysts in DFAFCs. The block copolymer

METHODS

Synthesis of PtPb-OM(Ss. The copolymer PS-b-PEO (PDI: 1.09)
with M,, = 43000 g mol™" and 10 wt % PEO was synthesized by
ATRP. A typical procedure for the synthesis of PtPb-4.5-OMCS
was as follows: 0.15 g of PS-b-PEO was dissolved in a mixture of
THF (3.75 g) and CHCl; (3.75 g). Equimolar amounts of dimethyl-
(1,5-cyclooctadiene)platinum(ll) (15 mg, Strem Chemicals) and
triphenyl(phenylethynyl)lead (97%) (24 mg, Sigma-Aldrich)
were added to the polymer solution. TEOS (0.292 g, Sigma-
Aldrich), 0.1 M HCl solution (0.07 mL), and resol solution (1.65 g,
10 w/v in THF) were added to the polymer—metal precursor
solution. After stirring for 1 h at room temperature, the solution
was poured into a Petri dish. The as-made film was collected by
evaporation of solvents on a hot plate at 50 °C and further
annealed at 100 °C. Subsequent heat treatment was carried out in
a furnace at 450 °C for 3 h and subsequently at 700 °C for 2 h
under 4% H,/Ar. The heating rate was 1 °C/min. For the synthesis
of PtPb-9-OMCS, 34.5 mg of Pt precursor and 53.2 mg of Pb
precursor were added to the polymer solution. PtPb-0-OMCS was
prepared without metal precursors using the same procedure.

Characterization. Small-angle X-ray scattering experiments
were carried out on the 4C1 SAXS station at the Pohang
Accelerator Laboratory (PAL, Korea). Powder X-ray diffraction
(XRD) patterns were obtained with a Rigaku D/Max-2500 dif-
fractometer using Cu Kot radiation (1 = 1.5418 A) ata scanning
rate of 40 deg min~'. Morphological investigations were
carried out using a transmission electron microscope (Hitachi
H-7600) operated at 100 kV and a scanning electron microscope
(Hitachi S-4800). HR-TEM images were obtained with a JEOL
JEM-2200FS instrument operated at 200 kV. The surface areas
of the prepared samples were calculated from the 77 K N,
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PS-b-PEO used in this work was synthesized by atom
transfer radical polymerization (ATRP), a polymeriza-
tion technique that makes block copolymer synthesis,
and preparation of large-pore mesoporous materials
from it, widely accessible, i.e, also to nonexperts.
Having sufficient contrast between the hydrophobic
(PS) and hydrophilic (PEO) blocks, amphiphilic PS-b-
PEO is key to the successful confinement of interme-
tallic nanoparticle formation within the OMCS pores
(or channels) without agglomeration or incorporation
in the support walls. The resulting PtPb-x-OMCS materials
showed both superior mass activity and higher stability
for formic acid oxidation than commercial Pt/C and
Pd/C catalysts. The quality of the resulting anode
catalysts was further tested under realistic DFAFC
(single-cell) conditions rather than merely by half-cell
electrochemical characterization. Despite larger nano-
particle size, the resulting anode catalysts outperformed
commercial Pt/C and Pd/C catalysts. This result was
attributed to the combination of both the intermetallic
PtPb nanoparticle phase as well as their significantly
smaller size compared to the pore diameters of the
support, allowing formation of the desired triple phase
boundary through efficient mass transport of ionomer
(Nafion) and fuel through the pores. It is expected that
this simple methodology can be extended to the pre-
paration of other intermetallic nanoparticles inside large-
pore mesoporous materials. The composites prepared by
this method may find use in a wide range of applications
including solar cells, biofuel cells, and batteries.

adsorption—desorption isotherms using a Tristar Il 3020 system
(Micromeritics Inc.). Inductively coupled plasma spectroscopy
was used to measure the actual loading amount of Pt and Pb
nanoparticles in the OMCSs.

Electrochemical Measurements. The catalytic ink for preparation
of working electrodes consisted of 8 mg of PtPb-OMCS catalyst
dispersed in a mixture of 3.18 mL of ultrapure water, 0.8 mL of
2-propanol, and 20 uL of a 5% w/w alcoholic solution of Nafion
(Aldrich). A 25 uL amount of ink was dropped onto the surface
of a glassy carbon electrode (GCE) with 6 mm diameter and then
dried under ambient atmosphere. The surface of the GCE
contained 50 ug of the catalyst. A commercial Pt/C (10% Pt on
Vulcan-XC, Premetek Co.) and Pd/C (10% Pd on activated
carbon, Aldrich) electrodes were prepared by the same method.
The catalyst-coated GCEs were rotated at 2000 rpm to minimize
the possible blockage of catalytic active sites on the surface by
bubbles formed during FA oxidation. CV measurements were
performed for formic acid oxidation at a scan rate of 10 mV s~
in an aqueous solution of 0.1 M H,SO, containing 0.5 M formic
acid in the range —0.2 to 0.2 V (vs Ag/AgCl).

CO stripping measurements were carried out in 0.1 M H,SO,
aqueous solution. Prior to CO exposure, the H,SO, solution was
purged with nitrogen gas for 30 min to freshen the catalyst-
coated GCE. The solution was then ventilated with high-purity
CO gas (99.9%) for 30 min while keeping the electrode potential
at —0.12 V. After bubbling with nitrogen gas for 30 min to
remove the dissolved CO, the electrode potential was still
maintained at —0.12 V. Finally, CO stripping voltammograms
were obtained at a scan rate of 10 mV s~ in the potential range
between —0.2 and +0.65 V in a N,-saturated 0.1 M H,SO,
solution.>” The electrode potentials for all electrochemical
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measurements were referenced to a NaCl-saturated Ag/AgCl
electrode.

Catalyst slurries were prepared for single-cell tests by dis-
persing the three catalysts (PtPb-9-OMCS, Pd/C, and Pt/C) into
appropriate amounts of ultrapure water, 10% Nafion water base
solution, 1-propanol, and 2-propanol. The MEAs with an active
area of 3 cm? were fabricated by using a brushing method to
apply the catalyst layer on the carbon paper as electrodes and
hot-pressing a 115 Nafion membrane sandwiched by the anode
and cathode layer. The cathode consisted of commercial 40 wt
% platinum carbon (HISPEC 4000, Johnson Matthey Co.) with
loading amounts of 4 mg/cm?. The anode consisted of catalyst
particles at the following loadings: 1.2 mg cm ™2 for PtPb-OMCS
and Pd/C; 1.67 mg cm 2 for Pt/C. The MEA performance was
evaluated for each of the different anode catalysts with 5 M
formic acid at a flow rate of 3.5 mL/min. Air was supplied to the
cathode at a flow rate of 200 cm®/min.
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