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The high energy density, fast oxidation kinetics, and conven-
ience of use of liquid formic acid (HCOOH), as well as the
simplicity of power-system integration make direct formic
acid fuel cells (DFAFCs) a promising power source for
portable device applications."”*! Considerable progress in
aspects of DFAFC research and engineering has been
achieved in recent years, which has enabled the fuel-cell
technology to be implemented in practical devices. However,
large-scale practical commercialization has been limited by
several challenging issues such as high anode overpotential,
excessive fuel and water permeability of the polymer electro-
lyte membrane, and questionable long-term durability of the
fuel cells.

The issue of high overpotential for anode catalysts is
associated with the formation of poisons on the catalyst
surface and also with the large amount of catalyst loading. To
date, despite the problem of being strongly poisoned by
intermediate species, Pt is the best-known anode catalyst for
the oxidation of small organic molecules.*”! Besides Pt, Pd
catalysts have recently shown superior performances com-
pared to platinum-based catalysts in the oxidation ultrapure
HCOOH in DFAFCs, because of the great initial activity of
Pd, even at low temperature.””! However, Pd catalysts have a
significant drawback; their high performance is not sustained
for extended time periods, largely because of the vulnerability
of these catalysts towards uncharacterized intermediate
species® and the potential for the dissolution of Pd in
acidic solutions."?!

To enhance the power performance as well as the
durability of the catalyst, we have recently demonstrated
that irreversible modification of the Pt metal surface with
foreign metal adatoms such as Bi,>>¥ Pbl'* and Sbl!* 191 is a
powerful method to drive a practical DFAFC system. In
addition, an effective anode structure that alleviates mass
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transport of HCOOH in the membrane electrode assembly
(MEA) enabled us to reduce the amount of Pt loading and
extend the range of the HCOOH concentration windows.!"”’
Herein, we report a novel approach for the fabrication of
more stable and cost-effective anode catalysts for DFAFC by
using a three-step electrochemical process. The newly devel-
oped catalyst, which contains Pt modified with Bi, is directly
applied to the fuel cell to evaluate its catalytic activity and
performance.

The PtBi catalyst was fabricated in three consecutive
electrochemical steps, namely: 1) electrochemical oxidation
of carbon paper to form the adequate catalyst support,
followed by 2) Pt electrodeposition, and 3) underpotential
deposition (UPD) of Bi onto the Pt. The conceptual design of
the final electrode is illustrated schematically in Figure 1 and
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Figure 1. Schematic representation showing the electrode structure of
PtBi anode catalysts fabricated by using a three-step electrochemical
procedure, after electrochemical oxidation of carbon paper electrodes
to form the adequate catalyst support (1), subsequent Pt electro-
deposition (2), and subsequent underpotential deposition of Bi onto
the as-prepared Pt catalyst (3).

each individual step of which was independently character-
ized in previous studies.*'®'”l Commercially available plain
carbon paper was used to provide an ideal percolation
network because of its ideal structure. A controlled electro-
chemical oxidation of plain carbon paper led to a thin, well-
dispersed catalyst layer at the outermost part of the carbon
paper (Figure 1).

The activity of anode catalysts in fuel cell applications is
critically affected by their structure, surface morphology,
surface coverage, and durability. The catalysts were fully
characterized after each electrochemical step to provide a
clear structure—property relationship with respect to the
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above properties by using X-ray photoelectron spectroscopy
(XPS), field emission scanning electron microscopy (HR-
SEM), X-ray diffraction (XRD), and cyclic voltammetry
(CV). Figure 2 shows XPS spectra (Figure 2a,b) of carbon
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Figure 2. Deconvoluted Cls peaks region from XPS analysis of a) Ec-
Ox and b) As-Re carbon paper. Representative SEM images (5000x) of
electrodeposited Pt (0.5 mgcm™?) on the corresponding carbon
papers. c) Ec-Ox carbon paper and d) As-Re carbon paper. The insets
show more highly magnified images (50000 ) of each nanoparticle.
Electrochemical measurements of Pt (dotted line) and PtBi (solid line)
catalyst on e) Ec-Ox and f) As-Re carbon paper in HCIO, (0.5M) at a
scan rate of 50 mVs™' at room temperature.

paper before (as-received, As-Re) and after electrochemical
oxidation (Ec-Ox), SEM images (Figure 2c,d) of electro-
deposited Pt on the corresponding carbon paper, and cyclic
voltammograms (Figure 2e,f) before and after Bi UPD on the
corresponding Pt catalysts. The electrochemical oxidation
enriched the oxygen-containing species on the carbon paper
(Ec-Ox) surface (Figure 2a, ¥), which showed a capacitance
at least five times higher than that of the As-Re carbon paper
(see Figure S1 in the Supporting Information), and led to the
formation of more-dispersed Pt particles (Figure 2¢);*” this
arises from an increase in surface accessibility, as oxygen-
containing species on the carbon surface act as acidic sites for
the adsorption of the catalyst precursors.”??! The average
particle size of electrodeposited Pt as obtained by XRD (see
Figure S2 in the Supporting Information) and the Debye-
Scherrer formula was (15 +2) nm on Ec-Ox and (21 £3) nm
on As-Re carbon paper. Usually, the electrodeposited Pt
particle size falls in the range of 20-70 nm unless the Pt
loading is ultralow (less than 0.05 mgcm~2).”*2¥ The particle-
size measurements indicate that the Pt particles synthesized
on Ec-Ox carbon paper are well-dispersed and relatively
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small despite having an amount of Pt that is ten times higher
(0.5 mgem ™) than the ultralow loading.

After having confirmed the increased functionality and
the high dispersion of the Pt particles, electrochemical
measurements were carried out to evaluate the surface
coverage and stability of adsorbed Bi on the Pt catalyst
(Figure 2¢,f). It is clear that the presence of irreversibly
adsorbed Bi atoms on Pt electrodes causes a decrease of the
hydrogen adsorption/desorption charge in the potential range
below 0.1 V. The presence of the adatom on the surface can be
also monitored by the redox process that takes place at
potentials higher than approximately 0.4 V (shown as solid
lines in Figure 2e,f). The stability of the voltammetric profile
upon cycling in the chosen potential window reflects the
irreversible adsorption of Bi on the Pt substrate. Moreover,
the adatom coverage calculated by the hydrogen adsorption/
desorption charge before and after Bi UPD shows that, while
the charges of hydrogen on Pt (regardless of the electro-
chemical oxidation of the carbon paper support) are almost
identical before Bi UPD, the hydrogen desorption charge
value of the Ec-Ox carbon paper after Bi UPD becomes much
smaller than that of As-Re carbon paper (see Table S1 in the
Supporting Information). In particular, the hydrogen desorp-
tion charge for the Ec-Ox carbon paper is significantly
decreased. The increase of the Bi surface coverage could be
attributed to the increase in irreversibility that results from
the increase of the double layer region (see Figure S1 in the
Supporting Information) as well as the smaller particle size of
electrodeposited Pt on the Ec-Ox carbon paper.” Under the
given conditions, the increase of Bi surface coverage can
enhance the electrooxidation of HCOOH, especially at
adatom coverages less than 80 %.2%27

The final criterion for the preparation of catalysts is their
successful application as electrodes in an actual fuel cell
system that consists of polymer membranes (MEAs). Cur-
rent-voltage polarization curves obtained using an MEA
prepared with two different anode PtBi catalysts placed on
Ec-Ox and As-Re carbon paper are shown in Figure 3.
Around 0.5 V, where an activation polarization dominates the
activity of the catalyst, the current density of the PtBi catalyst
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Figure 3. Measurements of two MEAs prepared with PtBi anode
catalysts: current-voltage polarization curves for Ec-Ox (2) and As-Re
(o) carbon paper and current—power density for Ec-Ox (A) and As-Re
(@) carbon paper. The fuel cells were operated at 60 °C with formic
acid (6 M) as the fuel and dry air as an oxidant. The catalyst loading

was 0.5 mgem ™2
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on Ec-Ox carbon paper is about four times higher than that of
PtBi on As-Re carbon paper, together with higher open-
circuit voltage. This behavior is attributed to more effective
formation and growth of the electrodeposited Pt catalyst (see
the SEM images in Figure 2) and consequently a higher
coverage of UPD Bi. Such an enhanced performance
indicates that use of a PtBi catalyst on Ec-Ox carbon paper
can lead to a substantial reduction of the required amount of
Pt in a DFAFC. In fact, the amount of Pt in this study,
0.5 mgem ™, was only 10-20 % of that of a typical commercial
catalyst.!'”! Additionally, the Bi coverage does not influence
the power performance any more over 67 % coverage under
given conditions (Figure S3 in the Supporting Information).

A final question is whether PtBi or conventional catalysts
such as Pd or PtRu black is more effective in a DFAFC under
the given operating conditions. A comparison between these
catalysts, each with a metal loading of 3 mgcm 2, is shown in
Figure 4 for both current-voltage polarization measurements
and voltage variation acquired as a function of time at a
constant current density. Our PtBi catalyst shows a lower
catalytic performance than that of the Pd catalyst (Figure 4 a).
However, the PtBi catalyst outperforms the Pd black catalyst
if the currents are normalized by the total weight of the
precious metal (Figure 4b), and the performance of the Pd
catalyst decreases gradually not only during polarization
measurements but also during constant current measure-
ments (Figure 4c¢). On the other hand, the PtBi catalyst shows
a very stable performance although the initial voltage is
relatively low compared to the Pd catalyst. This is mainly
attributed to partial oxidation of Bi on the Pt electrode, as the
oxidized forms of Bi are not effective for electrooxidation of
HCOOH. Note that the deposition of Bi should be reversible
enough to sustain the enhanced performance.

A platinum-based anode catalyst (PtBi) that can be cost
effectively and more robustly used in formic acid fuel cells has
been developed. The well-dispersed PtBi catalysts, which are
prepared in three electrochemical steps, possess both a higher
degree of dispersion of electrodeposited Pt and a significantly
higher Bi adatom coverage. A significantly enhanced power
performance with Pt loading of only 0.5 mgcm 2 in a fuel cell
operation was also achieved. Furthermore, in comparison
with commercial Pd catalysts, the PtBi catalyst described
herein is not only more robust but also cost-effective because
of its long-term durability and ultralow Pt loading. It is
expected that extensive efforts will be made in the near future
in fuel cell research to improve the surface density of
commercial catalysts as well as the reduction of their Pt
content, together with extending the lifetimes of anode
catalysts. One promising method could be the development
of advanced carbon materials as catalyst supports as well as
the optimization of ionomer content in the catalyst layer with
regard to corresponding carbon materials.

Experimental Section

Carbon paper (TGPH-060, E-TEK) was used as catalyst support. For
the electrochemically oxidized carbon paper electrodes (Ec-Ox), a
constant potential of 2.0 V was applied in HCIO, (0.5m) for 2 min with
a potentiostat (Autolab PGSTAT30) using an Ag/AgCl reference
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Figure 4. Current-voltage polarization measurements for direct formic
acid fuel cells with different anode catalysts (a PtBi, @ Pd, m PtRu).
Currents are normalized by geometric area (a) and total weight of the
respective precious metals (b). Voltage variation as a function of time
at a constant current density of 150 mAcm™2 (c). The fuel cell was
operated at 60°C with formic acid (6 M) as the fuel and dry air as an
oxidant.

electrode and a platinized Pt counterelectrode. Following the
electrochemical oxidation process, Pt was electrodeposited on Ec-
Ox and As-Re carbon paper in H,PtCly (10 mm, Sigma), Pb-
(CH;COO0), (0.2 mM, Junsei), and HCIO, (0.1m, Aldrich). Deposi-
tions were carried out at 0 V and the amount of deposited metal was
controlled by the total charge applied and its current efficiency is 46—
50%. For the PtBi UPD, Bi,O; (1-5 mMm) was first added to HCIO,
solution (0.1m) and was conducted at 0.0 or 0.3V to control the
homogeneous surface coverage of Bi, depending on the apparent
OCYV, for 10 min. CVs were recorded at 50 mVs™! in HCIO, (0.5Mm).

Structural analysis of Pt was carried out using XRD (D/MAX
Ultima III diffractometer), and the surface morphology was charac-
terized with a FE-SEM (Hitachi S-4700). The composition and
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electronic state of the surface region was analyzed using XPS (VG
Multilab 2000).

Preparation of MEAs:®'7% the anode consisted of PtBi
(0.5 mgem~?), commercial Pd black (3.0 mgem ™2, Aldrich), or PtRu
black (3.0 mgem 2 Johnson Matthey), impregnated with Nafion
solution (Aldrich, 5 wt % ). The ionomer content in the catalyst layer
was optimized with respect to metal loading ranging from 0.3 to
1.0 mgem 2 The cathode consisted of carbon paper as substrate (SGL
35BC) on which Ptblack (3.0 mgcm~2, Johnson Matthey) and
ionomers (0.3 mgem ™2 content) were loaded. The MEA structure
and the experimental details of polarization curves and durability
tests are reported elsewhere®!7? (see also Figure S4 in the Support-
ing Information).
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