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This work presents oxidation of formic acid on Bi-modified Pt nanoparticles of various sizes. The sizes of the studied
Pt nanoparticles range from 1.5 to 5.6 nm (detailed in Rhee, C. K.; Kim, B.-J.; Ham, C.; Kim, Y.-J.; Song, K.; Kwon, K.
Langmuir 2009, 25, 7140-7147), and the surfaces of the Pt nanoparticles are modified with irreversibly adsorbed Bi.
The investigated coverages of Bi on the Pt nanoparticles are 0.12 and 0.25 as determined by coulometry of the oxidation
of adsorbed hydrogen and Bi, and X-ray photoelectron spectroscopy. The cyclic voltammetric behavior of formic acid
oxidation reveals that the adsorbed Bi enhances the catalytic activity of Pt nanoparticles by impeding a poison-forming
dehydration path with a concomitant promotion of a dehydrogenation path. The chronoamperometric results indicate
that elemental Bi and partially oxidized Bi are responsible for the catalytic enhancement, when the Bi coverages on Pt
nanoparticles are 0.12 and 0.25, respectively. The size effect of Bi-modified Pt nanoparticles in formic acid oxidation
is discussed in terms of specific activity (current per unit surface area) and mass activity (current per unit mass).
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Introduction

Formic acid oxidation on Pt electrocatalysts has been inves-
tigated to understand electrocatalysis as a model system, as well
as in a liquid fuel cell technology as a potential fuel."?

Oxidation of formic acid is known to take place via a dual path
mechanism: dehydrogenation and dehydration.3’4 In the dehy-
drogenation path, a formic acid molecule is oxidized to CO;
andH' directly on Pt electrode surfaces, i.e., HCOOH — CO»
+2H' + 2e. On the other hand, the dehydration path allows a
formic acid molecule to decompose to H>O and a CO-like cataly-
tic poison which is oxidized further to CO», i.e., HCOOH —
H.0 + poison, and poison + H;O — CO, +2 H' + 2¢. The cata-
lytic poison is produced at a lower potential and oxidized at a
higher potential than the potential region where the dehydro-
genation takes place, so that the poison blocks the surfaces of Pt
available for the dehydrogenation to reduce the catalytic activi-
ty. Specifically, the catalytic poison is formed in the hydrogen
region and oxidized to CO; by coupling with oxygenous species,
such as the surface hydroxyl group formed near the surface
oxidation potential of pPt’

The oxidation of formic acid is affected by the crystallogra-
phic differences of the Pt electrode surfaces.”"' Voltammetric
studies have revealed that Pt(111) is less active toward formic
acid oxidation than Pt(100) and Pt(110) of less dense surface
structures.” In addition, the monatomic steps play different roles
in the oxidation of formic acid depending on the crystallographic
orientation of the Pt single crystal electrode surfaces:”" the mo-
natomic steps on Pt(111) decrease catalytic activity by increas-
ing the amount of poison, while those on Pt(100) and Pt(110) en-
hance catalytic performance by reducing the amount of poison.
Our group has recently reported that the orders of the surface
area specific activities for the oxidation of formic acid, as mea-

sured with chronoamperometry are Pt(111) > Pt(100) > Pt nano-
particle > Pt(poly)."

Modification of Pt electrode surfaces with foreign metals is
an important way to enhance the catalytic activity of Pt towards
formic acid oxidation. The specific foreign metals that have been
investigated as surface modifiers include Bi, 117 Ru,m’19 Pd,zo’21
Au,” and Sn.” Bi is the most investigated one among the afore-
mentioned foreign metals. Under voltammetric conditions, the
catalytic activities of Pt(111) and Pt(100) that have been modi-
fied with irreversibly adsorbed Bi have been reported to increase
by factors of 40 and 20, respectively.' " The presence of Bi on
Pt electrode surfaces results in a decrease in the amount of cata-
lytic poison14 and a cathodic shift of the onset potential. " Inthe
vein of practical applications, various methods to modify Pt
electrode surfaces with Bi have been scrutinized, including al-
loying'® and electrochemical means.'®'” On the other hand, Pd
on Pt nanoparticles enhances formic acid oxidation, while Ru on
Ptnanoparticles suppresses the desired reaction. " In addition,
it is notable that on Pt-Au alloy catalyst, formic acid oxidation
takes place via a dehydrogenation route with forming a signi-
ficant amount of catalytic poison.22 Furthermore, Pt nanofea-
tures spontaneously deposited on Au(111) have been reported
to be very effective in formic acid oxidation by factor of 20 in
terms of turnover frequency.24

From a more practical point of view, it is certainly worth in-
vestigating the enhancement of formic acid oxidation by Bi on
Pt nanoparticles of various sizes. In industrial approaches to fuel
cell technology, practical catalysts are nanoparticles dispersed
on an appropriate support to increase effective surface area, and
thus, mass activity (i.e., current per unit mass); however, as na-
noparticle size becomes smaller, the surface area specific activi-
ty (i.e., current per unit surface area) varies due to structural
changes in populations of atoms at vertices, edges and facets
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suchas (111) and (100),25'28 and electronic factors induced by st-
ructural changes™ ™ (i.e., "particle size effect"). As the size of a
Pt nanoparticle changes, the relative numbers of the Pt atoms at
the specific surface environments also change. Thus, it would be
reasonable to expect diverse catalytic behavior of Bi-modified
Pt nanoparticles as the crystallographic environment (or size)
of'the Pt nanoparticles is changed, since the effect of Bi greatly
depends on the crystallographic morphologies of Pt electrode
surfaces as previously mentioned.

Recently, our group has reported two independent works re-
lated to the above specific research targets: modification of Pt
nanoparticles with Bi’* and the size effect of Pt nanoparticles
in the oxidation of methanol and formic acid."' Elemental Bi on
Pt nanoparticles was found to impede the dehydration path, but
also to facilitate dehydrogenation to enhance the catalytic activi-
ty in formic acid oxidation by a factor of 4 in the potential range
from—0.1 Vt0 0.6 V (versus Ag/AgCl). It was also observed that
partially oxidized Bi in the potential range from 0.3 V t0 0.7 V
(versus Ag/AgCl) increases the formic acid oxidation activity
by a factor of 8 via a direct oxidation route. On the other hand,
our recent work on the particle size effect of Pt nanoparticles on
formic acid oxidation has revealed that the specific activity for
formic acid oxidation does not vary when the Pt particle size
ranges from 5.8 to 1.8 nm."

In this work, we present the catalytic enhancement of formic
acid oxidation on Bi-modified Pt nanoparticles of various sizes.
The surface modification of Pt nanoparticles was carried out us-
ing the irreversible adsorption of Bi, and the particle size of the
investigated Pt nanoparticles ranged from 5.6 to 1.5 nm. The
characteristics of Bi-modified Pt nanoparticles, including Bi
coverage, were fully investigated, and their catalytic activities
were measured using cyclic voltammetry and chronoampero-
metry under a hydrodynamic condition. The variation in the
catalytic activity of formic acid oxidation is discussed in terms
of Bi coverage and Pt nanoparticle size along with the results
associated with CO and catalytic poison.

Experimental

Preparation of size-controlled Pt nanoparticles dispersed on
platelet carbon nanofiber” (PCNEF, supplied from Kyushu Uni-
versity, Japan) was achieved using the polyol method.™ The de-
tails concerning the provision of Pt nanoparticles of various sizes
and the characterization of their physical properties (size distri-
bution, shape and loaded amount) are fully documented in ref.
34. Glycolates, formed during the reduction of Pt ions by ethy-
lene glycol, are a stabilizing agent of Pt nanoparticles, and their
concentrations were controlled by the pH of the reaction me-
dium. The sizes of the cubo-octahedral Pt nanoparticles ranged
from 1.5 to 5.6 nm, as confirmed by transmission electron mi-
croscopy (TEM, JEM-2010F, JEOL). The loaded amounts of
dispersed Pt were 10+ 0.5 wt % of the catalysts, regardless of
size, as quantified using the weights of the residues (PtO,) after
burning off the carbon support measured with a thermal gravi-
meter (TA instrument, SDT 2960 Simultaneous DTA-TGA).

The surfaces of the Pt nanoparticles were modified using
irreversibly adsorbed Bi.”* The adsorption of Bi was carried out
by contacting the Pt nanoparticles with Bi’ ion-containing solu-
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tions. The contacting solutions were a 0.5 M H,SO4 solution
(95 - 97%, Merck) saturated with Bi,03(99.999%, Sigma Ald-
rich) and a 0.5 M H>SOj solution obtained by diluting the Bi>Os-
saturated 0.5 M H,SO4 solution by a factor of 20. The concen-
tration of Bi’ ion in the Bi;Os-saturated 0.5 M H,SOy4 solution
was approximately 7.0 mM. Upon irreversible adsorption of Bi,
the adsorbed Bi*" ions were electrochemically reduced at 0.1 V
(vs. Ag/AgCl reference electrode) in a 0.5 M H,SOj, solution for
30 min. The details regarding the process to modify Pt nano-
particles using irreversible adsorption are available in ref. 34.

In electrochemical measurements, a conventional three-elec-
trode system was employed. The working electrodes employed
in this work were prepared by spreading a slurry mixture of Bi-
modified Pt catalyst, 5% Nafion solution (Wako), and water, on-
to a Au disk electrode, followed by drying under an IR lamp.34’37
The counter electrode was a Pt gauze, and the reference elec-
trode was a home-made Ag/AgCl electrode in 1.0 M NaCl, ag-
ainst which the potential in this work is reported. Two elec-
trochemical measurement techniques were employed: cyclic
voltammetry for diagnostic purposes and chronoamperometry
for catalytic activity measurements. In particular, it is notable
that a rotating disk electrode configuration was utilized during
all electrochemical measurements (1000 rpm) to efficiently re-
move CO» bubbles. The concentration of formic acid (99%,
Wako) was 2.0 M in the 0.5 M H,SOy4 solution. For CO adsorp-
tion, the working electrodes were immersed into a 0.5 M H,SO,
solution saturated with a CO gas (99.99%, Air Liquid Korea) at
0V for 15 min, followed by rinsing with copious amounts of
clean electrolyte without losing electrochemical contact.” The
formation of the catalytic poison was performed by holding the
electrode potential at 0 V for 15 min in 2 M formic acid + 0.5 M
H,SO4 solution and rinsing in the same way as in the case of
CO adsorption.

X-ray photoelectron spectroscopic (XPS) measurements
were carried out to measure the coverage of Bi (Thermo Electron
Co., MultiLab 2000, USA). A monochromatic Mg Ka X-ray
beam (1253.6 eV) was utilized as an excitation source, and a
multi-channel hemispherical electron energy analyzer was op-
erated at a constant pass energy of 20 eV. The observed spectra
were curve-fitted using a mixed Gaussian-Lorentzian line shape
and Shirley baselines.

Results and Discussions

Characterization of Bi-modified Pt nanoparticles of various
sizes. Figure 1 shows typical TEM images of Pt nanoparticles of
various sizes, dispersed on a platelet carbon nanofiber (PCNF).
The Pt nanoparticles are homogenously distributed on the car-
bon support and are uniform in size. The characteristics of the Pt
nanoparticles of various sizes have been detailed in a publication
from our group."' Briefly, the Pt nanoparticles are cubo-octahed-
rons consisting of (111) and (100) facets of Pt. In addition, their
particle sizes (or mean diameters) decrease from 5.6 to 1.5 nmas
the pH of the glycol reducing medium increases from 9.7 to 12.5.

Typical particle size distributions for Pt nanoparticles on
PCNF and a plot of Pt nanoparticle size as a function of pH are
depicted in Figure S1 of the supporting information.

Figure 2 shows the cyclic voltammograms of Pt nanoparticles
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Figure 2. Cyclic voltammograms of Bi-modified Pt nanoparticles in a
0.5 M H>SOy4 solution. The sizes of Pt nanoparticles are 5.6 nm for (a),
(d), and (g); 3.0 nm for (b), (¢), and (h); and 1.5 nm for (c), (), and (i).
The coverages of Bi on Pt nanoparticles presented in the left, middle,
and right panels are 0, 0.12, and 0.25, respectively. Scan rate: 10 mV/s.

modified with irreversibly adsorbing Biina 0.5 M H>SO4 solu-
tion. The left panel of Figure 2 presents the cyclic voltammo-
grams of plain Pt nanoparticles of selected sizes. As the particle
size increases from 1.5 to 5.6 nm, the charge of the hydrogen re-
gion decreases, which is certainly predictable because of the
decrease in surface area. The right panel of Figure 2 depicts the
cyclic voltammograms of Pt nanoparticles obtained after being
contacted with a Bi,Os-saturated solution (~ 7 mM) for 30 min
and processed as described in the experimental section of this
manuscript. For a clear comparison, the cyclic voltammograms
of plain Pt nanoparticles (dashed lines) are displayed together.
The oxidation and reduction peaks of irreversibly adsorbed Bi
clearly appear at 0.6 and 0.5 V, respectively, accompanied with
a simultaneous decrease in hydrogen charges. It should be em-
phasized that the charge relevant to Bi depends on the sizes of the
Pt nanoparticles. The middle panel of Figure 2 represents cyclic
voltammograms of Pt nanoparticles after contact with the ~0.35
mM Bi** ion-containing solution. In the voltammograms, the

Bi,0s
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Figure 3. X-ray photoelectron spectra of Pt nanoparticles (5.6 nm) with
a Bi coverage of 0.25 in the regions of (a) Pt 4f'and (b) Bi 4fregion.

charges of the Bi redox couple are sparingly observed, although
the specific decrease of hydrogen charge is notable. Here again,
the charges of Bi and H depend on the sizes of the Pt nanopar-
ticles.

Coverages of Bi on Pt nanoparticles were independently
measured using the charges related to hydrogen adsorption/de-
sorption and Bi oxidation. A ratio of the number of Bi atoms to
that of surface Pt atoms is defined as the coverage of Bi (0g;).
Also, the cyclic voltammogram of plain Pt nanoparticles of a
certain size was utilized as a background to estimate any change
in the charges of the hydrogen region and the Bi oxidation ob-
served on the Bi-modified Pt nanoparticles of a particular size.
The number of surface Pt atoms is estimated using the hydrogen
charge (Qx'), e.g., the hatched part of Figure 2(c). The number of
Bi atoms is calculated using the charge of Bi oxidation (Qgi) and
the reduced charge of hydrogen region (Quea), as illustrated in
Figure 2(i). Specifically, the coverage of Bi (Bg;) is estimated us-
ing the equations of Og; = Qpi/3Qy° and Og; = Qp.rea/3Qu°. The
particular equations using Qg;i and Qg req are based on assump-
tions that three electrons are involved in the Bi redox reaction
and that one Bi atom blocks three hydrogen adsorption sites,
respectively.” The average coverages of Bi are 0.12 +0.02 and
0.26 +0.02, when the Bi concentrations of the contacting solu-
tions are ~ 0.35 and ~ 7 mM, respectively. The 0.26 coverage of
Bi on the Pt nanoparticles prepared in this work is the maximum
coverage as observed on the Pt nanoparticles in ref. 34.

XPS measurements were carried out to estimate atomic ratios
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Table 1. Comparison of the atomic ratios of Bi to Pt as measured with
electrochemical and spectroscopic means.

atomic ratio of Bi to Pt

particle size  concentration

(nm) of Bi (mM)  ¢lectrochemical®  spectroscopic

56 0.35 0.11 £0.02 0.17

' 7 0.23+£0.03 0.23

3 0.35 0.12+0.01 0.12

7 0.26 +£0.01 0.24

L5 0.35 0.13+£0.01 0.13

' 7 0.25+£0.01 0.21

“Electrochemical atomic ratio is equivalent to coverage of Bi.

Ogi =0 Ogi =0.12 Ogi =0.25
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Figure 4. Cyclic voltammograms of formic acid oxidation on Bi-modi-
fied Pt nanoparticles in a2 M formic acid + 0.5 M H>SOy, solution. The
sizes of Pt nanoparticles are 5.6 nm for (a), (d), and (g); 3.0 nm for (b),
(e), and (h); and 1.5 nm for (), (f), and (i). The coverages of Bi on Pt na-
noparticles presented in the left, middle, and right panels are 0, 0.12 and
0.25, respectively. Scan rate: 10 mV/s.

of Bi to Pt. Figure 3 shows typical X-ray photoelectron spectra
of Pt 4f'and Bi 4f of Pt nanoparticles of 5.6 nm in size after con-
tacting with a 7 mM Bi solution. In Figure 3(a), the chemical
states of Pt are metallic Pt, PtO, and PtO,, whose binding ener-
gies of Pt 4f7, peaks are 71.4, 72.7, and 74.6 eV, respectively.
The chemical state of adsorbed Bi on Pt nanoparticles is solely
Bi,O3 as reflected by the binding energy of Bi 4f5, (158.7 eV4O)
(Figure 3(b)). Here again, the existence of oxygen on Bi-modi-
fied Pt nanoparticles is obviously due to air exposure during the
preparation procedure. The atomic ratios of Bi were semi-quan-
titatively estimated using the peak areas of Pt 4f7» and Bi 4f5,,
whose relative sensitivities are 2.55 and 4.25, respe(:tively.41

The atomic ratios of Bi to Pt observed in Bi-modified Pt nano-
particles of selected sizes estimated by the two different methods
are compared in Table 1. It should be pointed out that because
the sampling depth of the spectroscopic method is roughly 1
nm,” the electrochemical ratio (i.e., coverage) would differ
from the spectroscopic one. Despite the fact that all of the valu-
es measured with the two different methods are not exactly mat-
ched, the observed divergence is reasonable, and furthermore,
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Figure S. Chronoamperometric current of formic acid oxidation on Bi-
modified Pt nanoparticles as a function of potential. The oxidation cur-
rents were measured using chronoamperometry in 2.0 M formic acid
+0.5 M H,SOy solution under a rotating speed of 1000 rpm. The sizes
of Pt nanoparticles are (a) 5.6 nm, (b) 3.0 nm, and (c) 1.5 nm. Bi co-
verages are (0) 0, (0) 0.12, and (2) 0.25. The inset in (¢) is an illustra-
tion of the deconvolution of the current-potential profile observed on
Pt nanoparticles modified with Bi with a coverage of 0.25.

we believe that the overall divergence should be roughly 10%.
This particular divergence comes from the preparation of Bi-
modified Pt nanoparticles, and not from the measurements.
Thus, the entire procedure of Pt nanoparticle modification using
the irreversible adsorption of Bi used in this work retains a 10%
random error. Even though slight divergences in the determina-
tion of Bi coverage are discussed, Bi coverages of 0.25 and 0.12
will be used in the following text for the Pt nanoparticles modifi-
ed using Bi solutions of ~7 mM and ~0.35 mM, respectively.

Oxidation of formic acid on Bi-modified Pt nanoparticles of
various sizes. Figure 4 shows cyclic voltammograms of formic
acid oxidation on Bi-modified Pt nanoparticles of various sizes
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in 2 M formic acid + 0.5 M H,SOj4 solution. The left panel of
Figure 4 represents the oxidative behavior of formic acid on
plain Pt nanoparticles. Regardless of nanoparticle size, the ano-
dic current profiles observed on the plain Pt nanoparticles are not
significant, indicating that catalytic poisoning is serious, especi-
ally during the anodic scan. Upon reversal of the scan direction,
the oxidative current of formic acid increasing dramatically at
the potential of surface Pt oxide reduction (0.65 V), implying
that the dehydrogenation could occur promptly on a metallic Pt
surface not covered with catalytic poison. Furthermore, the cat-
hodic currents are notably enhanced as the size decreases. For
example, the peak current observed on Pt nanoparticles of 1.5
nm in size is larger than that on Pt nanoparticles of 5.6 nm in size
by a factor of 1.8. When the Pt nanoparticles are covered with
Bi, a significant enhancement of anodic oxidative current of for-
mic acid becomes obvious, as shown in the middle and right
panels of Figure 4. The anodic current appears in the potential
region 0f 0.3 - 0.4 V, and the enhancement factor in the anodic
current depends on Bi coverage: roughly 3 and 5 for Bi coverag-
es of 0.12 and 0.25, respectively. In addition, the onset potential
on the Bi-modified Pt nanoparticles is about 0.15 V less positive
than that on the plain Pt nanoparticles. This observation strongly
reveals that the changes in voltammetric behavior on Bi-modifi-
ed Pt nanoparticles are ascribable to the promotion of the dehy-
drogenation path, i.e., the direct oxidation to CO,, accompanied
with inhibition of the dehydration route to form catalytic poison.

Figure 5 shows plots of potential versus chronoamperometric
currents of formic acid oxidation on Pt nanoparticles of selected
sizes. The chronoamperometric currents were measured at 30
min after a potential jump from—0.25 V to a potential of interest
using a rotating disk electrode configuration at a 1000 rpm rotat-
ing speed. The oxidative currents of formic acid reached to a
steady-state within 30 min, as demonstrated in Figure S2 of sup-
porting information, and the steady-state currents at several po-
tentials are plotted in Figure 5.

The current-potential profiles of formic acid oxidation in
Figure 5 clearly depend on Bi coverage and the size of Pt nano-
particles. On plain Pt nanoparticles, the maximum oxidative cur-
rents appear at 0.4 V, and the value increases as the particle size
decreases." Specifically, the increment of the maximum current
is roughly 2 when the size decreases from 5.6 nm to 1.5 nm. The
presence of Bi induces significant changes in the current-poten-
tial profiles. When the Bi coverage is 0.12, the oxidative currents
are larger than those on plain Pt nanoparticles at each cor-
responding potential, and the potential of current maximum
shifts from 0.4 V to 0.3 V. Further increases in Bi coverage to
0.25 leads to an additional increase in the oxidative current;
however, in the current-potential profiles, there are two current
maximaat 0.2 Vand 0.4 - 0.5 V. As shown in the inset of Figure
5(c), the current-potential profile could be decoupled into two
peaks, as performed in our previous report on the modification
of'a commercial Pt nanoparticle catalysts with Bi.* The exist-
ence of the two specific current maxima at different potential
regions on the Bi-modified Pt electrodes implies that the enhanc-
ing catalytic pathways under the influence of Bi depend on the
coverage of Bi and the oxidation potential (see below). Another
point to be clarified is that that the onset potentials of formic
acid oxidation on the Bi-modified Pt nanoparticles are approxi-
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Figure 6. Plots of mass activity of formic acid oxidation on Bi-modi-
fied Pt nanoparticles vs surface area. The inset table stands for the Bi
coverage (0g;) and the potential (E in V) of the maximum currents pres-
ented in Figure 5. The particle sizes are 5.6, 4.0, 3.0, 1.8, and 1.5 nm in
the order as indicated with the arrows in each line.

mately 0.2 V lower than those observed on the plain ones. Thus,
Bi on Pt nanoparticles increases the catalytic performance of
Pt towards formic acid oxidation. On the other hand, as the size
of Pt nanoparticles decreases, the catalytic activity in terms of
mass increases due to the increase in surface area. Regardless
of the particle size, the enhancement factors are 2 - 3 and ~5
when the Bi coverages are 0.12 and 0.25, respectively.
Figure 6 shows plots of mass-specific current versus elec-
trochemically measured surface area of Pt nanoparticles modifi-
ed with Bi. The currents in Figure 6 are the maximum currents
in Figure 5, depending on Bi coverage, so that the potentials for
each line in Figure 5 are different. Specifically, the potentials of
the current maxima in Figure 5 are 0.4 V for 65;=0, 0.3 V for
0pi=0.12, and 0.5 V for O5;= 0.25. In addition, a few issues shou-
1d be clarified before further discussion (for details concerning
this kind of plot, refer to ref. 11). The surface areas of the Bi-
modified Pt nanoparticles are those of the plain Pt nanoparticles,
and are estimated using the charges of hydrogen desorption in
Figure 2. The plots in Figure 6 demonstrates a variation of mass
activity as a function of surface area, which is determined by the
size in turn (here, mass activity and specific activity versus size
are shown in Figure S3 and Figure S4, respectively.). On the oth-
er hand, the linearity of the plot depicted in Figure 6 implies that
the specific activity does not depend on the nanoparticle size;
in the case of non-linearity, a serious modification in catalytic
behavior takes place as the size varies. In addition, if a catalyst
shows a linear plot in a certain range of particle sizes, the slope
therein refers to the specific activity in the specific size regime.
In Figure 6, Pt nanoparticles of various sizes show fairly line-
ar plots in the regime of 5.6 - 1.5 nm in diameter, depending on
Bi coverage. The enhancement factor due to the presence of Bi
clearly increases in terms of mass activity from 4 for 5.6 nm to
5 for 1.5 nm. On the other hand, the slope (i.e., the specific ac-
tivity) of plain Pt nanoparticles is 5.1 A/m’. On Bi-modified Pt
nanoparticle surfaces, the slope increases to 22.9 and 22.8 A/m’
when Bi coverages are 0.12 and 0.25, respectively. In terms of
specific activity, irreversibly adsorbed Bi increases the catalytic
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Figure 7. Stripping voltammograms of adsorbed CO and catalytic poi-
son on Bi-modified Pt nanoparticles of 1.5 nm insize ina 0.5 M H,SO4
solution. The coverages of Bi on Pt nanoparticles are (a) 0, (b) 0.12, and
(c) 0.25. Scan rate: 10 mV/s.

activity of Pt nanoparticles toward formic acid oxidation by
roughly a factor of 5. Thus, it is clear that the increase in the mass
activity of plain Pt nanoparticles is simply due to the increase in
surface area as the Pt nanoparticles become smaller, as previous-
ly reported by us.'' Furthermore, this specific trend in variation
of mass activity and specific activity of formic acid oxidation
holds for Pt nanoparticles modified with irreversibly adsorbed
Bi. From a practical point of view (or in terms of Pt mass), there-
fore, smaller Pt nanoparticles modified with Bi are more effi-
cient in formic acid oxidation; however, it should be reminded
that when the Pt nanoparticles are smaller than 1.5 nm, they ag-
gregate to reduce catalytic efficiency."

The stripping of CO and catalytic poison on Bi-modified Pt
nanoparticles of various sizes. Figure 7 shows stripping voltam-
mograms of CO and catalytic poison on Bi-modified Pt nano-
particles of 1.5 nm in size. In the calculation of the stripping
charges on the Bi-modified Pt nanoparticles, the anodic voltam-
mogram in the absence of adsorbed CO and poison (dashed vol-
tammograms in Figure 7) was used as a background. The stripp-
ing charges of CO and poison decrease as Bi coverage increases,
because the adsorbed Bi inhibits the adsorption of CO and poi-
son formation; however, the stripping voltammograms of CO on
Bi-modified Pt nanoparticles are slightly different from those
of catalytic poisons. Specifically, the peak potential of CO strip-
ping behavior on plain Pt nanoparticles is 0.5 V (Figure 7(a)),
whereas the peak potential of poison stripping is 0.4 V (Figure
7(b)). This means that the adsorbed CO is not exactly identical
to the catalytic poison from the formic acid: the adsorbed CO
is oxidized when the Bi is oxidized, whereas the poison is oxi-
dized before the Bi is oxidized.™

Figure 8 shows variations of CO and catalytic poison stripp-
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Figure 8. The variation of (a) stripping charges and (b) coverages of
CO and catalytic poison as a function of Pt nanoparticle size. Solid
lines (filled symbols) and dashed lines (open symbols) represent the
stripping charges and coverages of CO and poison, respectively. Bi
coverages are (m, 0) 0, (e, ©0) 0.12, and (4, 2) 0.25.

ing charges and their coverages as a function of Pt nanoparticle
size. The coverages of CO and poison are the ratios of the CO
and poison stripping charges to the hydrogen charge of the plain
Pt nanoparticles of corresponding size (i.e., Qx in Figure 2).

The adsorptive behavior of CO depends on Pt nanoparticle
size and Bi coverage. On plain Pt nanoparticles, the stripping
charge of adsorbed CO increases as the particle size decreases
(line A in Figure 8(a)). A similar variation in the amount of CO
stripping charge on the Bi-modified Pt nanoparticles is discern-
able except for sudden decreases when the size is smaller than
2.0 nm (line B and C in Figure §(a)). Such a sudden decrease in
the amount of CO on relatively small Pt nanoparticles may be
related to the abrupt changes in the numbers of Pt atoms at vertices,
edges and single crystal facets such as (111) and (100);11 how-
ever, the coverages of CO on plain Pt nanoparticles remain fairly
constant to be 0.9 as shown in Figure 8(b). The reported values
of CO coverage on Pt nanoparticles (0.9, 1.0, and 1.2%) are
rather divergent, which may come from the difficulty in deter-
mining the cathodic potential limit of the hydrogen region.44 In
addition, the relatively constant coverage regardless of Pt nano-
particle size indicates that as the size becomes smaller, the sur-
face area grows to be geometrically lager. On Bi-modified Pt
nanoparticles, the amounts of adsorbed CO depend on Bi cov-
erage. Specifically, the stripping charges of CO per unit mass of
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Pt decreases by approximately 10 and 20% of that on plain Pt na-
noparticles, when the Bi coverage is 0.12 and 0.25, respectively.
In terms of coverage, however, the amount of CO decreases to
roughly 80% and 40% of that on plain Pt nanoparticles, when
the Bi coverage is 0.12 and 0.25, respectively. A similar beha-
vior concerning the decrease of CO coverage in the presence
of Bi has been reported on Pt(111) electrode surfaces.”

The formation of catalytic poison from formic acid depends
on Pt nanoparticle size and Bi coverage. On plain Pt nanoparticl-
es, the amount of poison per unit Pt mass (line D in Figure 8(a))
is approximately 60% of the amount of adsorbed CO. The pre-
sence of Bi on Pt nanoparticles more rapidly decreases the am-
ount of poison. When the Bi coverages are 0.12 and 0.25, the
amount of poisons are ~ 30% and 0% of the CO adsorbed on the
respective Bi-modified Pt nanoparticles. The specific values for
the relative amount of poison to CO are valid in terms of cov-
erage, also, as shown in Figure 8(b). Because the numbers of
adsorbed CO and poison are indicative of the number of elec-
trochemically active Pt atoms and dehydration reaction sites, it
would be logical to claim that Bi on Pt nanoparticles prohibits
the formation of poison from formic acid, and thus the dehy-
dration path of formic acid.

A naturally arising question concerns the dehydrogenation
path in formic acid oxidation. Since the amount of poison on
plain Pt nanoparticles is 60% of that of CO, the remaining 40%
of the Pt surface may be available for the dehydrogenation re-
action. However, the absence of oxidative current in the anodic
scan on plain Pt nanoparticles strongly supports the notion that
the remaining Pt surface is not available to the dehydrogenation
route. Accordingly, the dehydrogenation path may require a
continuous Pt ensemble of a certain but unknown, exact size.”
The Pt surface modified with Bi then may be efficient for de-
hydrogenation, but inefficient for dehydration, as revealed by
the significant oxidative current during the anodic scan (Figure
4). Thus, the increase in the formic acid oxidation current, espe-
cially in the anodic scan, would be due to an increase in the
number of reactions possible for dehydrogenation, but not pos-
sible for dehydration.

Combining the information in Figure 8 with the cyclic vol-
tammetric and chronoamperometric results, two aspects regard-
ing the role of Bi in formic acid oxidation are clear. One is that
when the coverage of Bi is low, the dehydration path to catalytic
poison is deactivated with simultaneous activation of the dehy-
drogenation path. Because the dehydration path is activated in
the potential range below 0.51 V (i.e., the onset potential of Bi
oxidation), the metallic Bi adatoms do not operate in a bifunc-
tional mechanism to remove the catalytic poisons produced by
the dehydration path. The other aspect is that at high Bi cover-
age, the enhancement is notable in the potential range of 0.4 - 0.6
V. Because the Bi adatoms are at least partially oxidized in the
specific potential range (Figure 2), and because no poison is
formed on the Pt nanoparticles with high Bi coverage (Figure
8), an operating oxidation path would be different from the dehy-
dration and/or dehydrogenation paths working on metallic Bi
adlayers. The most probable route for formic acid oxidation on
the Pt nanoparticles with high Bi coverage is a direct oxidation
of £4ormic acid not involving catalytic poison as proposed by
us.
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Conclusions

Irreversibly adsorbed Bi on Pt nanoparticles of various parti-
cle sizes enhances formic acid oxidation. When the Bi coverage
is around 0.12, the enhancement is achieved on elemental Bi by
prohibiting the dehydration path and simultaneously activating
the dehydrogenation path. On the other hand, the formic acid
oxidation current increases on partially oxidized Bi via a direct
oxidation route without forming a catalytic poison, when the
Bi coverage is 0.25.

As the particle size of Pt nanoparticles decreases, the mass ac-
tivity of the Bi-modified Pt nanoparticles increases. However,
the specific activity as measured in the plots of mass activity ver-
sus surface area is constant, revealing that the increase in the
mass activity comes from a simple increase in geometrical sur-
face area as the Pt nanoparticles become smaller.

The specific activities of the Bi-modified Pt nanoparticles
are enhanced by a factor of more than 5 in comparison to plain Pt
nanoparticles. Thus, it would be conclusive that smaller Pt nano-
particles modified with Bi would be more efficient in terms of
mass activity.
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