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Abstract The electrocatalytic properties of small platinum
nanoparticles were investigated for the oxidation of CO,
methanol, and formic acid using voltammetry, chronoam-
perometry, and surface-enhanced Raman spectroscopy. The
particles were generated by galvanostatic deposition of
platinum on a polished gold surface from an H,PtClg
containing electrolyte and ranged between 10 and 20 nm in
diameter for low platinum surface concentrations, 10 and
120 nm for medium concentrations, and full Pt monolayers
for high concentrations. CO stripping and bulk CO
oxidation experiments on the particles up to 120 nm in
diameter displayed pronounced structural effects. The CO
oxidation current-time transients show a current decay for
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low platinum coverages and a current maximum for
medium and high coverages. These results were also
observed in the literature for particles of 2- to 5-nm size
and agglomerates of these particles. The similarities
between the literature and our results, despite large differ-
ences in particle size and morphology, suggest that particle
structure and morphology are also very important catalytic
parameters. Surface-enhanced Raman spectroscopy data
obtained for the oxidation of CO on the Pt-modified Au
electrodes corroborate this conclusion. A difference in the
ratio between CO adsorbed in linear- and bridge-bonded
positions on the Pt nanoparticles of different sizes demon-
strates the influence of the surface morphology. The
oxidation activity of methanol was found to decrease with
the particle size, while the formic acid oxidation rate
increases. Again, a structural effect is observed for particles
of up to ca. 120 nm in diameter, which is much larger than
the particles for which a particle size effect was reported in
the literature. The particle shape effect for the methanol
oxidation reaction can be explained by a reduction in
available “ensemble sites” and a reduction in the mobility
of CO formed by decomposition of methanol. As formic
acid does not require Pt ensemble sites, decreasing the
particle size, and thus, the relative number of defects,
increases the reaction rate.

Introduction

Particles of nanoscale diameter are of considerable scien-
tific interest due to their different, often unexpected,
catalytic properties compared to bulk electrode materials.
Moreover, they are commonly used in technical electrodes.
Therefore, understanding of their electrochemical properties
is an important issue in the development of efficient fuel
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cell catalysts. Especially the electrocatalysis of small
organic molecules, such as carbon monoxide (CO), meth-
anol (MeOH), and formic acid (HCOOH), is an interesting
field of study, as these reactions play an important role in
fuel cell catalysis [1, 2] and they display pronounced size-
dependent catalytic properties [3—-9]. Due to the fact that
platinum is one of the most active dehydrogenation
catalysts, Pt nanoparticles are of particular significance.

In a recent paper, Friedrich et al. [9] reported a distinct
particle size dependence for the electrooxidation of carbon
monoxide on colloidal platinum nanoparticles supported on
polycrystalline gold. They found that the CO oxidation
potential on particles with an average diameter of 3 nm is
shifted to higher potentials (300-500 mV) when compared
to polycrystalline platinum electrodes. When the diameter
of the colloidal particles is increased from 3 nm to about
10-16 nm, the oxidation potential was found to decrease
again. It was suggested that the origin of this “particle size
effect” lies in the geometrical structure of the particles (and
to a lesser extent in the electronic properties).

Similar effects were observed by Maillard et al. [10-12]
for platinum nanoparticles ranging from 1 to 4 nm
supported on glassy carbon (GC). They ascribed the size
effect to a limited mobility of CO,q4s on particles smaller
than 2 nm. A particle-size-dependent diffusion coefficient
was assumed, which is low for small particles (<2 nm) and
higher for larger particles (>3 nm). Although Arenz et al.
[13] also obtained similar results for 1- to 5-nm Pt particles
supported on carbon, they attributed the difference in CO
oxidation potential for varying particle sizes to the number
of defects present on the surface of a particle. As defects are
able to dissociate water to form OH,4s more easily, the
higher number of defects on larger particles would result in
a shift of the CO oxidation peak to lower potentials.

For the oxidation of methanol, Park et al. [8] reported a
particle size dependence for carbon-supported particles in
the range of 2-9 nm. On particles larger than 4 nm in
diameter, the recorded methanol oxidation current densities
were found to approach those of polycrystalline Pt elec-
trodes. The decreasing MeOH oxidation rate for particles
smaller than 4 nm was ascribed to a decrease in contiguous
Pt terrace sites. This particle size dependence of the
methanol oxidation reaction was also observed by Frelink
et al. [6]. However, they measured a more or less constant
reaction rate for particles larger than 4.5 nm. Two possible
explanations for the decrease in activity with decreasing
particle size were given: (1) on smaller particles, the
coverage of OH,4s increases, thus blocking more empty
sites, resulting in a decrease in the methanol decomposition
rate, or (2) smaller particles have fewer preferential
adsorption sites for methanol. In addition to these findings,
Cherstiouk et al. [7] observed lower methanol oxidation
rates for Pt particles in the range of 1.5-3 nm compared to
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polycrystalline Pt, which they ascribed to stronger poison-
ing of the nanoparticles as compared to polycrystalline
surfaces due to slower oxidation of CO.

The effect of the particle size in the electrooxidation of
formic acid was also investigated by Park et al. [8]. In
contrast to methanol, the oxidation rate of formic acid on
small particles was found to be considerably higher than on
larger particles. It was suggested that formic acid, unlike
methanol, does not require Pt ensemble sites to react to
CO,, and thus, in combination with a lower poisoning rate,
higher oxidation rates are observed. Moreover, unlike the
oxidation of CO and methanol, formic acid does not need
an additional oxygen atom (i.e., no reaction with surface
oxygen-containing species, like OH,qs, iS necessary) to
form carbon dioxide [44].

Apart from an interesting particle size effect, the three
molecules discussed above are also interesting to study from
the perspective of the methanol oxidation scheme (see Fig. 1).
Methanol is one of the most promising fuels for a fuel cell, as
it can be catalytically oxidized on a platinum surface, yielding
CO; and six electrons per methanol molecule.

CH3;0H + H,0 — CO, + 6H™ + 6¢~ (1)

This reaction has a favorable thermodynamic potential of
0.04 V vs reversible hydrogen electrode (RHE) and can,
theoretically, allow fuel cell power outputs close to that of a
hydrogen-based fuel cell. Unfortunately, formation of
surface poisoning species and soluble intermediates lowers
the overall efficiency of the fuel cell. Carbon monoxide has
been identified as the primary poisoning species in many
different studies [10, 14—17], while formic acid and
formaldehyde are formed as intermediate products [18-21].
It is generally accepted that the oxidation of methanol
proceeds through a dual pathway, namely, a direct pathway
involving the formation of intermediate species such as
formic acid and formaldehyde and an indirect pathway via
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Fig. 1 Schematic representation of the parallel pathway mechanism

for methanol oxidation on platinum electrodes as proposed by

Baltruschat et al. [19, 20]
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adsorbed CO. Again, the effects of the particle size on the
selectivity and activity of the direct and indirect pathways
are not known.

Platinum nanoparticles of different sizes can also be
obtained by a straightforward electrodeposition procedure,
as was also mentioned by Friedrich et al. [9]. The goal of
this paper is to study the anomalous catalytic properties of
nanoparticles for the oxidation of carbon monoxide,
methanol, and formic acid as synthesized using this
procedure. As CO acts as a neutral probe toward the
surface reactivity and structure sensitivity, this reaction will
be used as a model reaction for studying the particle size
effect. The oxidation of methanol and formic acid will be
discussed in light of the findings presented for CO. The Pt
nanoparticles will be generated by galvanostatic deposition
from a platinum-containing solution on a polycrystalline
gold support and characterized by cyclic voltammetry and
atomic force microscopy (AFM) [9]. The influence of the Pt
deposition procedure, which generates particles of different
sizes and morphologies, on the catalytic activity towards
the oxidation of CO, MeOH, and HCOOH will be
investigated using cyclic voltammetry, chronoamperometry,
and surface-enhanced Raman spectroscopy (SERS). Strik-
ingly, although the particles are structurally very different
from the better-defined particles from previous studies on
particle size effects, the results reported here show many
similarities with those studies. This emphasizes the general
importance of structural effects and particle morphology on
(electro)catalysis.

Experimental setup

All measurements were performed in a standard three-
electrode cell, which was cleaned by boiling in a 1:1 mixture
of concentrated sulfuric acid and nitric acid, followed by
boiling twice with Milli-Q water (Millipore Milli-Q gradient
A10 system, 18.2 M2 cm, 3 ppb total organic carbon) before
each experiment. The counter electrode consisted of a coiled
platinum wire, and the reference electrode consisted of a
mercury—mercury sulfate electrode (HgHg>SO04K,S04 (sar))
connected via a Luggin capillary.

The working electrode was a gold disk of 5 mm in
diameter embedded in a Teflon sheath, which was mechan-
ically polished with alumina (up to 0.3 pum), rinsed and
treated ultrasonically in Milli-Q water before use. Before
each experiment, the electrode was cleaned by applying 25
potential sweep oxidation and reduction cycles from 0.055
to 1.805 V vs RHE at a scan rate of 200 mV-s .

The blank electrolyte consisted of 0.5 M H,SO, and was
prepared with concentrated sulfuric acid (Merck, “Supra-
pur”) and Milli-Q water. The methanol- and formic-acid-
containing electrolytes consisted of the blank electrolyte

and 0.1-M methanol (Merck, pro analysi) and 0.1-M formic
acid (Merck, extra pure), respectively. Argon (Hoekloos,
N50) was used to deoxygenate all solutions.

The AFM used for the characterization of the surfaces
was a Multimode Nanoscope Illa from Digital Instruments,
California. For the images, a standard Si tip from
Mikromasch (NSC 35, with a typical force constant of
7.5 N'm ') was used in the tapping mode.

SERS measurements were performed using a DILOR
T64000 spectrograph with a holographic grating of
600 g'-mm '. The slit and pinhole of the system were both
set at 100 um, and a CCD camera with 1,024 x256 pixels
was used as detector. A 633-nm excitation line from a He—
Ne laser was used with a power of 13 mW on the sample.
The microscope objective was an Olympus 50X, which was
not immersed in the electrolyte. The laser spot on the
electrode surface had a diameter of ~5 um. A notch filter
was used to filter the SERS signal produced inside the fiber
optics before reaching the sample and the excitation line
after scattering from the sample. With this configuration, a
resolution of 1.5 cm™' can be obtained.

The electrode in the SERS experiments was roughened
by applying a succession of potential sweep oxidation and
reduction cycles in 0.1-M KCI at 500 mV-s~' from 1.25
to —0.25 V vs the Ag/AgCl electrode, with waiting times of
1.3 s at 1.25 V and 30 s at —0.25 V [22], leading to
roughness factor of ca. 20. Pt was deposited after
roughening. The electrochemical cell had an optical quartz
window parallel to the electrode surface. Measurements
were performed at room temperature (22 °C) with a
computer-controlled Autolab potentiostat (PGSTAT12).
All potentials reported here have been converted to the
RHE scale.

Results and discussion
System cleanliness and surface structure

The system cleanliness and the structure of the gold electrode
were checked by measuring a blank cyclic voltammogram
(BCV) in 0.5-M H,SO, at a scan rate of 20 mV-s '. A
typical voltammogram of the polished electrode is shown in
Fig. 2. The BCV displays the characteristically low double
layer charging current and typical surface oxidation region,
which starts at ca. 1.35 V vs RHE.

Platinum deposition and AFM imaging
The platinum nanoparticles were generated by galvanostatic
deposition of platinum on the gold substrate from a 0.02-M

H,PtClg-containing solution. Three surfaces with low,
medium, and high platinum concentrations were generated

@ Springer



486

J Solid State Electrochem (2008) 12:483—495

100
50

0 4

-50
-100

-2

-150

j/ pAcm

—200—.
—250—.
-300—.
—350—.
—400—.

T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
E/V vs. RHE

Fig. 2 BCV of polycrystalline gold in 0.5-M H,SOy at a scan rate of
20 mV-s™'

by applying a constant current and changing the deposition
time. The applied current was 50 pA, while the deposition
times were 5 and 40 s for the medium and high Pt
coverages, respectively. For deposition times shorter than
5 s, the reproducibility of the results decreases. Therefore,
the surface with the lowest platinum concentration was
generated by applying a current of 5 pA for 5 s.

The generated surfaces were characterized by cyclic
voltammetry and AFM imaging. The corresponding BCVs
and AFM images are presented in Figs. 3 and 4,
respectively. Figure 3 shows that increasing the amount of
platinum by increasing the deposition time results in an
increase in the charge in the low potential region (between
0.05 and 0.3 V vs RHE), which can be ascribed to hydrogen
adsorption and desorption on the generated platinum
particles. The feature starting at 0.85 V in the positive-going
scan can be ascribed to oxidation of the deposited platinum.
The corresponding oxide reduction peak is located at 0.67 V
vs RHE in the negative-going scan. Note that for low and
medium Pt coverages, the oxide reduction peak seems to
consist of two strongly overlapping peaks, suggesting that
roughly two different kinds of Pt particles/structures/
agglomerates were electrodeposited. Oxidation and reduc-
tion of the gold surface occurs at 1.35 V in the positive-going
scan and 1.17 V in the negative-going scan, respectively. As
the platinum concentration is increased, the Pt oxidation/
reduction charge increases, while the gold oxidation/reduc-
tion charge decreases due to masking of the substrate
surface. Similar results were obtained by Friedrich et al. [9]
in HCIO4 by depositing colloidal platinum particles on
polished gold electrodes. At high platinum concentrations,
the shape of the surface oxidation region starts to resemble
that of polycrystalline Pt. Deposition of very large
quantities of platinum results in CVs similar to those given
by Mdller and Pistorius [23] for platinum—gold alloys (see
the inset in Fig. 3).
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The coverage of the gold-supported platinum particles
can be calculated by a method introduced by Friedrich et al.
[9], which is based on the real surface area of the gold
electrode and the area of the Pt particles. The real surface
area of the gold electrode, A%, is easily determined by
measuring the charge of the gold oxide reduction peak in a
BCYV recorded from 0.05 to 1.7 V vs RHE at a scan rate of
20 mV-s~', which forms a gold oxide layer that should have
a charge of ca. 380 pC-cm 2 [24, 25]. The determination of
the Pt nanoparticle area is less straightforward, as the
geometrical structure and the size dispersion of the particles
are unknown. However, if the electrochemically active area
(ECA) of the Pt particles is known, a quantity analogous to
the coverage, I'p, can be calculated using the real surface
area of the gold electrode.

I'pe = —— (2)

An estimate of the ECA of the platinum particles can be
determined from the Pt oxide reduction charge obtained
from the BCVs of the Pt-modified Au electrodes (recorded
under the same conditions as suggested by Angerstein-
Kozlowska et al. [24, 25]) and relating this value to the
corresponding value of 440 uC-cm 2 found for polycrys-
talline Pt [26]. The calculated coverages for the surfaces
with “low,” “medium,” and “high” platinum concentrations
are 0.28, 0.36, and 0.49, respectively.

As the AFM equipment requires relatively flat and
smooth surfaces, the characterization of the nanoparticles
was performed using glass-supported gold plates supplied
by Arrandee™ as substrate in the platinum deposition
experiment. Before the platinum deposition experiment, the
gold plate was flame-annealed and carefully cooled down
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Fig. 3 BCVs of the platinum-modified gold surfaces in 0.5-M H,SO4
at a scan rate of 20 mV-s . The inset shows a CV of gold with a very
high Pt concentration
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a

Fig. 4 AFM images of the Pt—Au surfaces with low (a), medium (b), and high platinum concentrations (c)
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Fig. 5 Influence of repetitive cycling on the CO electrooxidation
characteristics of a Pt—Au electrode with a “medium” Pt coverage
recorded in a CO-saturated solution of 0.5-M H,SO, at a scan rate of

20 mV-s'

to room temperature in an Argon gas stream. Although this
procedure results in large atomically flat Au(111) planes, it
otherwise does not affect the formation of the platinum
particles, as is apparent from a comparison of the CVs of
the thus generated samples to the CVs shown in Fig. 3.

The resulting AFM images for the low, medium, and
high platinum surface concentrations can be found in
Fig. 4a—c. Figure 4a shows the surface morphology of the
Pt—Au electrode with low Pt coverage (0p=0.28) and
demonstrates the presence of particles with an average
diameter of 10-20 nm. Smaller particles were not identified.
At higher platinum surface concentrations (see Fig. 4b,c),
the particle size distribution increases to 10-120 nm for
medium Pt loadings and to multilayer-like structures for the
high platinum loadings.

Generally, the AFM images clearly show that platinum
does not grow epitaxially but rather forms islands on the gold
substrate in a Volmer—Weber type growth. For bimetallic
systems (in thermodynamic equilibrium), a Volmer—Weber
growth mode is expected when the sum of the relative free
surface energies (in this case, Ay = ¥p; + Yau_pt — ¥au) of
the pure metal (yp,), the pure substrate (7y4,), and the
interface (yau_py) is smaller than zero [27-29].

Carbon monoxide oxidation

The effect of the different preparation procedures of the
gold-supported platinum nanoparticles on the electrooxida-
tion of CO was investigated by CO adlayer stripping and
bulk CO oxidation experiments.

Surface stability

Figure 5 demonstrates the effect of changes in the surface
morphology induced by repetitive cycling to high potentials
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on the continuous oxidation of CO (i.e., Fig. 5 does not
pertain to CO stripping). Cycling up to 1.2 V vs RHE
results in a decrease in maximum current density for the
oxidation of CO, which, in the absence of surface
contamination, indicates a decrease in available platinum
surface sites. This decrease in available adsorption sites
may be due to agglomeration of the platinum particles or
embedding/alloying of platinum with the gold substrate
[30]. To reduce the influence of morphology changes on our
experiments, only a single scan up to 1.2 V is recorded for
each measurement.

Figure 6 illustrates that the platinum deposition rate also
influences the morphology of the formed particles, and
therefore, affects the electrooxidation reaction. The two
surfaces investigated in Fig. 6 were generated by keeping
the total deposition charge constant (5,000 uC-cm 2 per
geometrical surface area) but changing the ratio between
the applied current and the deposition time. The surface
resulting in the first curve (solid thin line) was generated by
a current of 50 pA-cm 2 applied for 100 s, while the second
surface producing the dashed curve was generated by
500 pwA-cm > for 10 s. The figure clearly shows that
increasing the deposition rate results in a decrease in the
CO oxidation potential. Comparing to the results of the
groups of Markovi¢ and Stimming, this suggests that
particles generated by slow Pt deposition may be assumed
to be smaller in size [9—-13].

Interestingly, Arenz et al. [13] proposed that the
oxidative stripping of CO is mainly controlled by the
number of defect sites, which may serve as an active center
for OH adsorption, rather than the mobility of CO. Based
on the results obtained by transmission electron microsco-
py, they claimed that decreasing the particle size leads to a
concomitant decrease in the number of defects. Moreover,
as it is well known that CO adsorbs and oxidizes
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- 400
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E /V vs. RHE
Fig. 6 Influence of the platinum deposition rate on the CO electro-
oxidation characteristics of a Pt-modified Au electrode with a high Pt
coverage recorded in 0.5-M H,SOy at a scan rate of 20 mV-s !
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Fig. 7 CO adlayer stripping voltammograms on the Pt-modified Au
electrodes in 0.5-M H,SOy, at a scan rate of 20 mV-s™!

preferentially at step sites [31-33], the negative potential
shift recorded on surface generated by fast platinum
deposition may also be ascribed to higher number of
surface defects generated under such conditions.

Cyclic voltammetry: saturated CO adlayer stripping

Figure 7 displays CO stripping CVs recorded on the Pt—-Au
electrodes at a scan rate of 20 mV-s . At low platinum
coverages, a peak is observed at ca. 1.07 V vs RHE. This
feature remains as the platinum surface concentration is
increased. On the Pt—Au electrode with 10- to 120-nm-size
particles, another feature appears at 0.9 V vs RHE, which
becomes the dominant feature at high platinum coverages.

As our AFM analysis indicates that the particles on the
low coverage Pt-Au electrode are ca. 10-20 nm in
diameter, we ascribe the peak located at 1.07 V to oxidative
removal of CO adsorbed on these small particles. For the
medium platinum surface concentrations, in addition to the
10- to 20-nm-size particles, Pt particles with a diameter of
ca. 50-120 nm were found, which we believe are
responsible for the appearance of the second feature at
0.9 V vs RHE. These two different CO oxidation peaks at
different structures may also be related to bimodal
distribution of Pt structures suggested in “Platinum depo-
sition and AFM imaging” from the apparently double-
peaked structure of the Pt oxide reduction peak in the blank
voltammetry. At even higher platinum coverages, the
surface displays oxidation characteristics typical for poly-
crystalline platinum surfaces, which is in agreement with
the presence of multiple platinum adlayers (see Fig. 4c).
Interestingly, Friedrich et al. also obtained similar CVs for
agglomerates of well-defined colloidal nanoparticles on
gold. For particles with an average diameter of 3 nm, they
observed a peak at 1.0 V vs RHE (at coverages of 0p=0.05

and 6p=0.24). At 6p=0.39, a second peak at 0.87 V vs
RHE was observed, which, as the CV displays polycrys-
talline platinum characteristics, was attributed to CO
oxidizing on the nanoparticle agglomerates. In addition,
on small Pt nanoparticles with a mean particle size of
1.9 nm supported on GC, Maillard et al. also report a CO
stripping peak at 0.99 V.

It is noteworthy that, although our particles are much
larger than those used by Friedrich et al. [9] and Maillard et
al. [10—-12], an effect similar to this “particle size effect” is
still present. This would imply an important role of the
shape or morphology (as was already implied by Friedrich
et al. [9] and Arenz et al. [13]). Similar conclusions were
drawn by Plyasova et al. [34, 35] in their studies on the
effect of electrodeposited platinum on electrocatalytic
activity. They demonstrated a significant effect of platinum
electrodeposition potential on the catalytic activity and
ascribed these effects to the role of grain boundaries in the
electrodeposits.

Cyclic voltammetry: bulk CO oxidation

Bulk CO oxidation experiments were performed in a CO-
saturated solution (bubbling CO for 15 min through the
blank electrolyte). The obtained CO oxidation CVs on bare
polycrystalline Au and the Pt-modified Au electrodes are
presented in Fig. 8.

On polycrystalline gold, CO oxidizes approximately
between 0.8 and 1.3 V vs RHE, after which, the formation
of gold oxides inhibits the reaction. Due to continuous
readsorption of CO from the electrolyte, the oxidation
features recorded on the Pt-modified electrodes are shifted
towards higher potentials compared to CO adlayer stripping
(this is expected if CO oxidation follows a Langmuir—
Hinshelwood mechanism with strong adsorption of CO).
This positive shift is well known for Pt electrodes and can
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Fig. 8 Bulk CO oxidation voltammograms on bare gold and Pt-
modified Au electrodes in 0.5-M H,SO, at a scan rate of 20 mV-s |
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Fig. 9 Current-time transients for saturated CO adlayers on the three
Pt-Au electrodes with low (a), medium (b), and high platinum
coverage (c). Step potentials are listed in the figure. The inset in ¢
shows a zoom of the transient recorded at 0.7 V vs RHE

be as high as 300 mV [32, 34]. In general, increasing the
amount of Pt on the surface results in an overall increase in
the current density, signifying a higher number of reactive
sites. For the Pt—Au surface with 20- to 50-nm-small
particles, an oxidation peak is observed at 1.1 V, which
shifts to lower potentials as the particle size (and number of
particles) is increased. At high Pt coverages, the main CO
oxidation peak is located at 0.96 V. However, even at these
high coverages, the feature ascribed to oxidation on small
particles is still visible at 1.1 V.
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Chronoamperometry

Potential-step experiments provided a more detailed picture
of the kinetics of the CO oxidation reaction on the gold-
supported platinum nanoparticles. The final potentials
under investigation were 0.7, 0.85, and 1 V vs RHE. The
resulting current-time curves for Au electrodes with low,
medium, and high Pt surface concentrations are shown in
Fig. 9a—c. All the transients recorded on the surface with
the low platinum coverage display a current decay (see
Fig. 9a), while the surfaces with medium and high Pt
coverages show a peak in the transient recorded at 0.85 V
(see Fig. 9b,c). For the highest amount of platinum, a
current maximum was also found at 0.7 V vs RHE. At
potentials higher than 1 V, all three electrodes display a
current decay, which seems identical for each surface.
Considering the relatively high final potential applied, the
formation of oxides on the nanoparticles is the most likely
cause of this decay.

Potential-step experiments performed by Friedrich et al.
[9] on nanoparticles of ca. 3 nm and agglomerates of these
particles (ca. 16 nm in diameter) also showed a current
decay on the small particles and a current maximum on the
larger agglomerates. Based on these results, they concluded
that the oxidation of CO on small particles follows an Eley—
Rideal type mechanism, while a Langmuir—Hinshelwood
type mechanism applies for the larger agglomerates.
However, in contrast to these observations, Maillard et al.
reported that chronoamperometric transients recorded on
1.9- to 3.1-nm-size particles do, in fact, exhibit current
maxima in the potential range under investigation, indicat-
ing that a Langmuir—Hinshelwood type mechanism seems
more appropriate [10—12].

From this perspective, it is puzzling that our ill-defined
“small particles” (of 10-20 nm), which are even larger than
the agglomerates used by Friedrich et al., display a current
decrease rather than a current maximum. Perhaps the high
size and shape dispersion of our particles leads to an
overlap of the transient behavior of multiple morphologies,
and thus, in an overall decaying transient. More research is
needed to clarify these findings.

Surface-enhanced Raman spectroscopy

Figure 10 shows SER spectra of the Pt—Au (medium
coverage) electrode at different potentials in sulfuric acid
saturated with CO. Two spectral regions are found to
exhibit some important changes, as the potential is made
more positive. One, comprising the low frequencies
(Fig. 10a), shows three bands. The band centered at
380 cm ' can be assigned to the stretching mode of CO
adsorbed on a platinum bridge site. This mode blue shifts
with potential with a Stark tuning rate of =12 ecm ' V..
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The band at 460 cm™' corresponds to the stretch mode of
CO adsorbed on platinum [36-38] and has a Stark tuning
rate of =16 cm ' V', Both modes disappear at potentials
higher than 1 V for medium platinum coverage. A band
centered at ca. 580 cm ' appears as the potential exceeds
1.3V, coinciding with the Au surface oxidation peak in the
voltammogram. Weaver et al. [39, 40] attributed this band,
which has a small but significant positive Stark tuning
slope (ca. 10 cm™' V), to the combined vibrations of Au—
O and Au-OH surface species. On the basis of other
techniques, other authors have also concluded that the layer

wavelength / cm’”

formed on gold above 1.2 V is composed of both surface
oxide and surface hydroxide [41, 42]. Tian et al. [37]
observed a band at 570 cm™ ' on a pure platinum substrate
and Leung and Weaver [38] a similar band on a platinum
film on gold. Both attributed the band to the Pt—O bond.
Unfortunately, differentiation of these three surface species
is not straightforward.

A second spectral region is defined by the 1,700-
2,300 cm™ ' window (Fig. 10b) and contains three peaks.
The band at 1,890 cm™', with a Stark tuning slope of
40 cm '-V', can be attributed to the CO stretching mode
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Fig. 11 Intensity ratio between the SERS intensities of bridge- and linearly bonded Pt—CO recorded on low, medium, and high platinum-covered

surfaces in the low (a) and high (b) frequency range

@ Springer



492

J Solid State Electrochem (2008) 12:483—495

100 .
50
0_
o ]
g -50
i 4
=% Low
=l le |
-1504 % -200 - — -Medium
"~ -300{——MeOH Poly-Au - - -+ High
-200 400 — — Blank Poly-Au |l|
] 00 05 10 15 20
~250 E/Vvs. RHE
. ; i : ' .
0.0 05 10 15

E/Vvs. RHE

Fig. 12 Cyclic voltammograms of 0.1-M methanol oxidation on the
three Pt-modified Au surfaces in 0.5-M H,SO,4 at a scan rate of
20 mV-s!

on platinum bridge sites [37, 38, 43]. This band is not
detectable for the gold electrode with the high platinum
coverage. A second band at 2,050 cm ™' can be assigned to
the top bound CO on platinum [36—40, 43], and it shows a
Stark tuning of 50 cm V' A third band at 2,120 cm™ ' is
ascribable to the stretching frequency of CO adsorbed atop
on gold. It red shifts with an approximate Stark tuning
slope of 40 cm '-V™! [43, 44].

The bands described above are observed for all the
generated platinum-covered surfaces, and all display similar
characteristics. The CO bands are present at potentials
negative with respect to the oxidation peak in the
voltammograms, and the intensities are almost constant if
they involve Pt—CO bonds. In the case of the Au—CO mode,
the band intensities are decreasing at more positive
potentials, analogous to the oxidation of CO on pure gold
electrodes [44]. The band involving OH species on the
surface (590 cm ' band) is only present at more positive
potentials.

Interestingly, comparison of spectra recorded on low,
medium, and high platinum-covered surfaces reveals a
marked change in the ratio of the intensities of the linear
and bridge bonded Pt—CO peaks. Figure 11a,b shows the
bridge- (380 cm™") vs linearly bonded (450 cm™") Pt—CO
ratios recorded on low, medium, and high platinum-covered
Au surfaces for the low and high frequency range,
respectively. The ratios shown are obtained by dividing
the area of the peak ascribed to linearly bonded CO by the
area of the peak ascribed to bridge-bonded CO. Apparently,
CO seems to favor a bridge-bonded position on smaller
particles, while the Pt-atop position is preferred for larger
particles and polycrystalline platinum surfaces. Although
these results are by no means conclusive, they tentatively
suggest important differences in morphology for the
different deposition procedures. Precise interpretation of

@ Springer

these data is not trivial, as many unknown factors, e.g., the
CO coverage, can also influence the bridge-atop ratio.
Moreover, while we can ascribe a peak in the SER spectra
to bridge- or linearly bonded CO, the exact nature to the
binding site is not known. Interestingly, Park et al. and
Maillard et al. have observed a decrease in the contribution
of bridge-bonded CO with particle size on carbon-
supported Pt particles. This suggests a possible role of the
support and the deposition procedure, or both.

Methanol and formic acid oxidation

The effect of the Pt preparation procedure was also studied
for the oxidation of methanol and formic acid. The
reactions were investigated using cyclic voltammetry and
chronoamperometry.

Cyclic voltammetry

The CVs for the methanol and formic acid oxidation on the
Pt—-Au electrodes can be found in Figs. 12 and 13,
respectively. The inset in Fig. 12 demonstrates that bare
gold is virtually inactive towards the oxidation of methanol.
However, deposition of even a small amount of Pt on the
gold substrate immediately leads to the appearance of a
peak at 0.84 V vs RHE. As the amount of Pt is increased,
the total charge of the MeOH oxidation peak increases,
while the onset of the reaction decreases from 0.65 to 0.6 V
and 0.55 V when going from low to medium and high Pt
concentrations, respectively.

While gold is inactive towards the oxidation of metha-
nol, it can oxidize formic acid at sufficiently high
potentials, especially in the absence of strongly adsorbing
anions (see Fig. 13) [45-48]. The onset of the HCOOH
oxidation on a polished gold electrode lies at ca. 0.8 V.
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Fig. 13 Cyclic voltammograms of 0.1-M formic acid oxidation on the
three Pt-modified Au surfaces in 0.5-M H,SO, at a scan rate of
20 mV-s™'
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Fig. 14 Cyclic voltammograms of the methanol oxidation activity
for the different Pt concentrations, normalized for the amount of Pt in
0.5-M H,SO, at a scan rate of 20 mV-s !

Deposition of small amounts of platinum results in the
appearance of an oxidation peak at 0.58 V vs RHE in the
positive-going scan, which shifts to more positive potentials
as the platinum coverage is increased. At high platinum
coverages, a second feature at 0.89 V becomes visible. A
similar feature was also observed for polycrystalline
platinum electrodes [49], which leads us to conclude that
this peak is most likely due to oxidation of formic acid on
large particles and polycrystalline platinum overlayers. The
peak at 0.58 V can be ascribed to the oxidation of HCOOH
to CO, on Pt sites, which are unblocked by preadsorbed
poisoning species such as COg,qs [49, 50]. Compared to
polycrystalline gold, the onset of the formic acid oxidation
on Pt-modified Au electrodes is shifted to considerably
more negative potentials (at ca. 0.2 V vs RHE) [49]. In the
negative-going scan, the reaction proceeds on a surface that
has been oxidatively stripped of preadsorbed blocking
species. Therefore, higher current densities are obtained.
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To compare the methanol and formic acid oxidation
activities of the platinum-modified surfaces, the CVs were
normalized for the surface area of platinum deposited. The
amount of surface-active platinum was estimated by
integration of the Pt oxide reduction peak and was
comparable with the experiments described in previous
sections. The resulting graphs are presented in Figs. 14 and
15. Although the platinum oxide reduction charge is only a
rough estimate of the total platinum coverage, Fig. 14
clearly shows that larger Pt particles are more active towards
the methanol oxidation than smaller particles (of equal active
surface area). Apparently, the oxidation of methanol suffers
from the same particle size effect as carbon monoxide.
Figure 15a,b shows similarly corrected plots for the
oxidation of HCOOH in the positive- and negative-going
scan, respectively. In the positive-going scan, the current
density is highest for the surface with the lowest Pt coverage.
As the amount of platinum is increased, the current
maximum decreases, which implies that smaller particles
are more active towards formic acid oxidation than larger
polycrystalline-like structures. It is also likely that surface
poisoning plays an important role on the large particles. In
the return scan, however, the oxidation activity increases
with the amount of platinum deposited. As the potential
decreases below 0.3 V, the order of the oxidation activity is
again inverted, with the low Pt—Au surface now being more
active than the higher coverages. These results suggest that
larger particles are more active towards the oxidation of
formic acid, but also poison faster.

Park et al. [8] explained the decreasing methanol
reaction rate for a decreasing particle size by a loss of
adjacent available Pt terrace sites on nanoparticles smaller
than 4 nm in diameter. They suggested that the dissociation
of methanol to reactive intermediates and chemisorbed CO
requires an ensemble of catalytically active terrace sites.
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- - - - High o "

T T T T T T T T T T T T T
04 02 03 04 05 06 07 08 09
E/V vs. RHE

Fig. 15 Cyclic voltammograms of the formic acid oxidation activity for the different Pt concentrations, normalized for the amount of Pt, with a
the positive-going scan and b the negative-going scan in 0.5-M H,SO, at a scan rate of 20 mV-s ™'
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Thus, the decreasing oxidation activity for decreasing
particle size can be attributed to a drop in the number of
Pt “ensemble sites” available to the adsorption and
decomposition of methanol. The fact that we can still
observe an effect of the particle morphology on the reaction
characteristics even for particles with a diameter up to ca.
120 nm again suggests that the shape and morphology,
rather than actual particle size, play a predominant role in
the reaction kinetics.

Interestingly, from a study of the MeOH oxidation
reaction on stepped platinum electrodes of [n(111)x(111)]
orientation, Housmans et al. [51] concluded that methanol
preferably decomposes on step sites rather than terrace
sites. Although these findings seem to contradict those of
Park et al. [8], more recent results presented by Housmans
et al. show that the Pt(110) surface is less active towards
methanol oxidation than the stepped surfaces Pt(554) and Pt
(553) (of [(n—1)(111)x(110)] orientation) [52]. Based on
these results, it was suggested that sites with both a step and
terrace site may be particularly favorable “ensemble sites”
for dissociative adsorption of methanol. As formic acid
does not need these “ensemble sites,” the oxidation activity
increases with decreasing particle size.

Conclusion

The electrooxidation characteristics of carbon monoxide,
methanol, and formic acid on Pt particles of varying size
were investigated by voltammetry and chronoamperometry.
The particles were generated by galvanostatic deposition of
platinum on polished polycrystalline gold electrodes. Three
surfaces with low, medium, and high Pt coverages were
generated by galvanostatic deposition of platinum on
polished polycrystalline gold electrodes and characterized
by voltammetry and AFM. The electrodes with low and
medium platinum coverages consisted of small ill-defined
particles with diameters ranging from 10 to 20 and 10 to
120 nm, respectively. At higher platinum coverages,
polycrystalline Pt overlayers are formed. Although it should
be kept in mind that Pt interacts strongly with Au and may
form alloys, the voltammetric results obtained are in
sufficiently good agreement with previous results that the
role of the support is secondary to obtained particle
morphology.

Based on CO stripping voltammetry and bulk CO
oxidation experiments, we conclude the following:

1. CO stripping and bulk CO oxidation experiments on
irregularly shaped particles with an average diameter of
10-20 nm display a pronounced particle size effect, while
Friedrich et al. [53] observe polycrystalline platinum-like
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oxidation characteristics for 16-nm-large agglomerates of
well-ordered particles. Therefore, not the size, but the
shape of the particles or morphology of the platinum
seems crucial to the oxidation characteristics.

2. Current-time transients recorded on these small 10- to
20-nm-size particles showed a current decay. On larger
particles, a peaked response was obtained, clearly
suggesting a Langmuir-Hinshelwood type mechanism.

3. SERS experiments indicated a difference in the ratio
between CO bonded linearly and in bridge configura-
tion on the small, medium, and large Pt nanoparticles,
suggesting important dissimilarities in surface morphol-
ogy for the different deposition procedures.

4. The oxidation activity of methanol was found to
decrease with the particle size, as was also observed
for the CO oxidation, while the formic acid oxidation
rate increases with particle size. Again, a “particle size
effect” is observed for nanoparticles of ca. 120 nm in
diameter, which is much larger than the particles for
which a particle size effect has been reported in the
literature. The foregoing implies once more that the
“particle size” is not as important as the morphology.

As a final note, we believe the most striking observation
reported in this paper is that the previously reported particle
size effects for the oxidation of CO, methanol, and formic
acid are apparently mimicked by electrodeposited Pt
structures and agglomerates of much larger size. This
points to an important role of structure and morphology
of the Pt catalyst beyond particle size. Nevertheless, any
real progress in this field must come from experiments on
well-defined and well-characterized catalysts.
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