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In the present paper, preferentially oriented (111) Pt nanoparticles (mostly octahedral and tetrahedral,
namely {111}Pt nanoparticles) have been characterized and compared with a Pt(554) single-crystal
electrode as their voltammetric features are quite similar in 0.5 M H,SO,. The anion and Bi adsorption
behaviours suggest that the {111}Pt nanoparticles contain relatively wide hexagonal domains and also
isolated sites which could adsorb solely hydrogen. Bi step decoration has been successfully extended to
modify the defects of {111} Pt nanoparticles without blocking terrace sites. CO charge displacement has
been applied to determine the potential of zero total charge (pztc) of non-decorated and Bi decorated
surfaces. It has found that the positive shift of pztc on defect-decorated {111}Pt nanoparticles is not so
significant in comparison with that of Pt(554) due to the relative short mean length of (111) domains on
the {111} Pt nanoparticles. CO stripping demonstrates that {111}Pt nanoparticles exhibit higher
reactivity toward CO oxidation. This reflects the role of the defect sites in nanoparticles, evidenced by
the disappearance of the “pre-wave” in the stripping voltammogram once the defects were blocked by
Bi. The stripping peaks shift to higher potential on Bi decorated surfaces, indicating the active role of
both steps and defects for CO oxidation. By comparing the CO stripping charge and the change in
hydrogen adsorption charge of surfaces with and without Bi decoration, including reasonable
deconvolution, the local CO coverage on defect and terrace sites were obtained for the first time for the
{111}Pt nanoparticles, and the results are in good agreement with those obtained on Pt(554).
Chronoamperometry studies show tailing in all current-time transients of CO oxidation on all surfaces
studied. The kinetics of CO oxidation can be satisfactorily simulated by a modified Langmuir—
Hinshelwood model, demonstrating that CO oxidation on all studied surfaces follows the same
mechanism.

structure-sensitive characteristics.*® Many studies on electro-
catalytic reactions, for example CO oxidation, small organic
molecule oxidation and oxygen reduction, demonstrate that
single-crystal planes with higher step/kink density lead to the
enhancement of electrocatalytic reactivity. In terms of applica-
tion, guided by the knowledge of model electrocatalysts of well
defined single-crystal planes, great efforts have been devoted to
shape-control synthesis that produces nanoparticles enclosed by

Introduction

Surface electrochemistry has been greatly advanced since the
wide use of metal single crystals and the improvement of surface
technology, especially after the convenient flame-annealing
technique having been invented to clean Pt single-crystal
surfaces.’ Pt single-crystal planes can provide a variety of
surface structures with well-defined atomic arrangements,

depending on their orientation. Numerous studies based on Pt
single crystals have been dedicated to reveal the properties of the
solid/liquid interface such as double layer structure, electronic
effects, potential of zero total charge (pztc), anion adsorption,
electrocatalytic activities, efc. Valuable information related to
these properties have been attained and evidenced their
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high index facets which have high density of atomic steps/kinks
with low coordination numbers.*™!

As a typical molecular probe and usual poisonous interme-
diate present in fuel cells, the oxidation of CO on different
surface structures and different materials has received special
attention in electrochemistry. It has been revealed that step, kink
or defects with low coordinated sites are able to enhance CO
electrooxidation independently of the supporting electrolyte
used,® although its oxidation mechanism is very different in
acidic and alkaline solutions.'>* The enhanced catalytic activity
has been ascribed to the preferential formation of oxygen-con-
taining species at the step/defect sites on surfaces vicinal to Pt
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(111). It has been well established that CO oxidation is initiated
on step sites, CO on (111) terraces possesses high mobility in
acidic solution and diffuses rapidly to the step or defect sites, to
be oxidized into CO,. The mobility decreases dramatically in
basic solution which has been attributed to the adsorption of
carbonate species arising from CO oxidation. Thus, the rapid
diffusion model can not be as straight-forward for CO oxidation
in alkaline solutions.'>!5-1¢

In the case of nanoparticles, CO oxidation was found to be not
only structure sensitive but also size dependent. It has reported
that the multiplicity of CO oxidation peaks is closely correlated
to the structure of nanoparticles, which are also characterized by
the variation in cyclic voltammograms.'”** CO oxidation on
smaller scale Pt nanoparticles has been carried out by several
research groups, however, contradictory results have been pub-
lished. Some reports showed that decreasing the size of Pt
nanoparticles could enhance the activity of CO oxidation, which
is consistent with that expected from the behaviour on stepped
single-crystal surfaces.?®*' Other papers reported an opposite
trend as the diameter of Pt nanoparticles are decreased below 4
nm.*>?* Lee et al. considered that this discrepancy may be due to
the relatively ambiguous surface structure of small nanoparticles
and showed that high-index surfaces of Pt nanoparticles (~2 nm)
supported on multiwalled carbon nanotubes, play a very
important role in enhancing intrinsic activity for CO and meth-
anol oxidation.?*

Irreversibly adsorbed adatoms have been widely applied to
modify the surface composition and the electronic structure, and
thus to improve the reactivity of metal materials, or the selec-
tivity of the desired reaction.>* For well defined surfaces and
preferentially oriented nanoparticles, irreversible adsorbed ada-
toms (e.g., Bi, Ge) can be used to detect a particular surface
structure and measure the contributions of different surface
sites.>**2 It was reported that some adatoms are able to selec-
tively decorate step sites while leaving terrace sites unblocked.??
Based on this result, decoration of step sites of vicinal Pt(111)
surfaces without blocking the terraces was investigated, and
a positive shift of the pztc, different CO coverage and dominant
CO bonding on different step symmetries were revealed.** These
results give key information to better understand the intrinsic
properties of steps and their electronic effects of well defined
single crystals.

The aim of the present study is devoted to better understand
defect reactivity in practical materials. To achieve this, Bi step
decoration is attempted to modify the defects of preferentially
oriented {111}Pt nanoparticles, whose cyclic voltammogram is
very similar to that of the bulk metal, oriented as Pt(554), in 0.5
M H,SO,. The size of the nanoparticles is ~8.6 nm, which can
avoid the complication of size effects in the electrocatalytic
behaviour. In order to compare their similarity, experiments such
as cycling voltammetry, CO charge displacement, CO stripping
and chronoamperometry, were carried out for both materials
with and without Bi decoration. The local and overall CO
coverage have been determined with the knowledge of pztc and
the help of Bi defect decoration. The validity of the Langmuir—
Hinshelwood mechanism for CO oxidation on all surfaces has
been investigated. Another point considered in this work deals
with in situ surface site characterization analysis. Taking
advantage of the structure sensitivity of hydrogen and anion

de/adsorption, which are widely used as surface probes, and the
similarity of the voltammetry of {111}Pt nanoparticles with that
of stepped surfaces vicinal to Pt(111), the relative amount of
bidimensional domains have been refined. This analysis would
complement the previous estimation based on irreversibly
adsorbed Bi which is necessarily more limited because the cali-
bration curve can not involve all terrace atoms and small surface
ensembles.®® It should be stressed that the characterization
procedure, albeit based in electrochemical structure sensitive
reactions, can be considered general. This means that the surface
site distribution of the nanoparticles is an intrinsic property of
a particular synthesis and thus valid for any future application of
them. Moreover, the electrochemical characterization is simple
and can be carried out in a short time.

Experimental

A hemispherical platinum single-crystal electrode Pt(554) with 9
atom-wide (111) terraces separated by monoatomic (110) step
sites, with a geometric area of 3.66 mm?, was prepared according
to Clavilier’s method.?® Prior to each experiment the electrode
was flame annealed and cooled to room temperature in a H, + Ar
atmosphere. After flame annealing, the single-crystal electrodes
were quenched with water in equilibrium with this mixture of
gases and then transferred to the cell under the protection of
a droplet of deoxygenated water. The preparation and structure
characterization of {111}Pt nanoparticles have been described in
detail elsewhere.?” The Pt nanoparticle electrode was prepared by
depositing the dispersed nanoparticles on a hemispherical poly-
crystalline gold substrate (ca. 3 mm?) from a droplet of 1 pL
solution and drying under Ar atmosphere.

The experiments were carried out in two conventional three-
electrode glass cells: The first one is used for deposition of Bi and
the second one, with an additional inlet for dosing CO, was used
for electrochemical characterization, CO displacement and CO
oxidation. The adsorption of Bi on platinum single-crystal steps
has been described elsewhere®* and will be further discussed in
the next section as well as the Bi defect decoration on {111}Pt
nanoparticles. CO displacement experiments were performed by
using the following procedure:*® The working electrodes were
arranged in a meniscus configuration and a flow of CO was
introduced at 0.1 V over the meniscus in the cell under Ar
atmosphere. The resulting current—time transient was recorded
simultaneously until the current dropped to zero and the
displacement charge was measured from the integration of
current-time curve. Normally, in the case of nanoparticles the
first CO displacement was used to clean the nanoparticle surfaces
as described in ref. 39. Special care was taken to avoid the
presence of atmospheric oxygen in the vicinity of the meniscus.
After CO dosing, the electrode was immersed into the solution
while keeping the potential constant at 0.1 V, and Ar was
bubbled through the solution for at least 8 min to remove the
dissolved CO in solution and the traces of CO that could remain
in the cell atmosphere. Then the working electrode was returned
to the meniscus configuration and the conventional CO strip-
ping, or potential step experiment, was performed.

A large-area platinum wire was used as a counter electrode and
a reversible hydrogen electrode (RHE) was used as a reference.
The cell and all glassware were immersed in a potassium
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permanganate solution overnight, followed by rinsing with water
and a solution of hydrogen peroxide with sulfuric acid. Finally,
everything was boiled and rinsed with ultra-pure water several
times. Working solutions were prepared from concentrated
H,SO, (Merck Suprapur), Bi,O; (Merck) and Elga-Vivendi
water (18 MQ cm). Argon (N50, Air Liquide in all gas used) was
used to deoxygenate all solutions and CO (N47) to dose CO. All
electrochemical experiments were carried out at room tempera-
ture, using a waveform generator (EG&G PARC 175) together
with a potentiostat (Amel 551) and a digital recorder (eDAQ,
ED401).

Results and discussion
Structure characterization

It has been well established that the cyclic voltammograms can be
used as fingerprints of Pt single-crystal electrodes because the
hydrogen and anion de/adsorption are structure-sensitive on Pt
surfaces.**** Fig. 1a shows the atomic model and voltammetric
profile of Pt(554) in 0.5 M sulfuric acid. From the model, it is
clear that the Pt(554) surface is a combination of (111) terraces
with 9 atom-width separated by monoatomic (110) step sites. In
fact, the overall charge density may be considered as a linear
combination of both contributions in this series of stepped
surfaces.*® The coordination number (CN) of the atoms on (111)
terraces is 9 while it is lower for the top atoms at the (110) step
(CN = 7). The atoms with different CN have different electronic
environment, which combined with their different arrangement,
leads to the different de/adsorption behaviour of hydrogen and

anion on different sites. As shown in Fig. 1a, the voltammogram
of Pt(554) in 0.5 M H,SO, is in good agreement with that
previously reported.**** The symmetric sharp peaks around 0.12
V are associated with H de/adsorption on (110) step sites. The
symmetric broad contributions located below 0.35 V are related
to the H ad/desorption on (111) terraces. Moreover, the
symmetric state around 0.5 V can be attributed to the sulfate
de/adsorption on (111) terrace sites.**

In the case of {l111}Pt nanoparticles, the voltammogram
shows the presence of additional contributions. The shape of the
nanoparticles has been investigated by transmission electron
microscopy (TEM), as also shown in Fig. 1b. The nanoparticles
are dominated by octahedral shapes, including an important
number of tetrahedra and a small number of irregular nano-
particles. It is known that the octahedra and tetrahedra are both
enclosed by low-index facets with (111) symmetry. A represen-
tative high-magnification TEM image of one octahedral nano-
particle as well as the atomic model is also displayed in Fig. 1b.
One atom in the (111) facet possesses 9 coordinated atoms, while
the CN of atoms on the edge is only 7, the same to that of (110)
sites, implying that they probably would have similar properties
such as hydrogen adsorption potential. The CN of the vertex
atom is 5 but, however, the contribution of these atoms can be
considered negligible since there are only 6 vertices for each
octahedron. Moreover, the vertices of the octahedral nano-
particles in some cases look more like a line than like a point,
suggesting the possible presence of small (100) domains or other
defects. The average size of the {111}Pt nanoparticles is about
8.6 nm, which points out that the mean length of the edge in the
octahedron is ca. 20 atom-width. For one facet of ideal
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Fig.1 (a) Cyclic voltammogram and atomic model of Pt(554); (b) cyclic voltammogram, TEM image and a octahedral model of {111} Pt nanoparticles.

Working solution: 0.5 M H,SOy, scan rate: 50 mV s~
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octahedral nanoparticles, the (111) sites form an equilateral
triangle with 17 atoms in the side. By geometrical estimation the
average length is 9 atom-width for 17 row terraces, similar to that
of Pt(554). Nevertheless, it is inevitable that defects are formed
during the synthesis of {111}Pt nanoparticles, so the effective
terrace length may be even shorter than could be verified by
measuring the amount of (111) domains. The edge atoms amount
to about 15% of the total facet atoms, which is similar to that of
step atoms in Pt(554) (ca. 11%). It should be noted that this
quantitative analysis is possible on relatively large nanoparticles.
In this case the particles have well-defined preferential shapes
either cubic or octahedral-tetrahedral, depending on the
synthetic procedure. In the same way, it can be assumed that
the surface adsorption states of a sample will behave as those of
the bulk metal, because the ratio of surface/bulk sites remains
reasonably similar. However, when the nanoparticles have
smaller dimension, large surface domains would disappear and
the voltammogram would look as that of polycrystalline
platinum.

The voltammograms of the {111}Pt nanoparticles in 0.5 M
H,SO, (Fig. 1b) is very similar to that of Pt(554), suggesting that
similar sites to those of Pt(554) dominate on these particles. The
sharpness and the symmetry of the adsorption states indicate the
cleanliness of the surface. With the knowledge of the character-
istic fingerprints of the single-crystal model electrodes,* we can
conclude that the symmetric contribution at 0.5 V can be
attributed to the anion adsorption on two-dimensionally ordered
(111) surface domains, the sharp peak at 0.12 V is related to the
presence of (110) surface sites, perhaps both at the edges and
corners between the (111) domains or the defects among them.
The small shoulder that appears around 0.35 V is due to small
amounts of two-dimensional (100) surface domains. Moreover,
the small peak around 0.26 V can be ascribed to the (100) surface
sites, likely steps between (111) domains and eventually at the
edge of (100) domains. Thus, the voltammetric results further
confirm what could be expected from the TEM images, but
including a significantly larger number of nanoparticles.

Based on these voltammetric similarities the charge density
involved in the different areas of Fig. 1 can be selectively
measured. Table 1 summarizes the total, hydrogen and anion
adsorption charges corresponding to different contributions as
indicated in the voltammograms of Pt(554) and {111}Pt nano-
particles. The double layer correction was performed in a similar

Table 1 Hydrogen and anion charges (WC cm™?) corresponding to
different contributions obtained from the integrating area of different
parts indicated in voltammograms (see Fig. 1) of Pt(554) and {111}Pt
nanoparticles. ¢oa1 18 the total charge between 0.06 V and the upper limit
potential where the minimum current appears, through which a hori-
zontal line is taken as baseline for double layer correction; qls_[’(”o)
and qﬁy(mo) are the H charge of (110) and (100) step/defect sites
respectively; unm) and qav(mm are the H charge of (111) and (100)
terrace/domain sites respectively; qkml) is the charge corresponding to
anion adsorption on (111) terrace/domain sites

Gtotal lﬁi,(uo) q}-{.(lll) Clls—l,(wO) 6]?1,(100) l]x(m)
Pt(554) 233 29 141 0 0 63
Percentage (%) 13 60 0 0 27
{111}Pt 230 35 136 17 11 31
Percentage (%) 15 60 7 5 13

way to that performed previously,*® arbitrarily using a horizontal
line through the minimum current in the positive-going vol-
tammetric sweep as baseline. The active surface area of the {111}
Pt nanoparticles was determined from the blank voltammogram
by measuring the charge involved in the so-called hydrogen
adsorption region assuming 230 pC cm~2 for the total charge
after double layer correction recorded in 0.5 M H,SO, solution.?
For Pt(554) electrode, the (110) step charge (q%,(“o)) was calcu-
lated by integrating the current under the peak around 0.12 V
and gives 29 uC cm2 close to the corresponding theoretical
values of 26 uC cm~2 from the hard-sphere model.*” After double
layer correction, integration of the voltammogram between 0.06
V and the potential where the minimum current appears gives
a total charge (gora) Of 233 pC cm~2, which is almost coincident
with the value from the hard-sphere model (231 uC cm™2). The H
and anion charge (qﬁ(m) and q;,(m)) on the (111) terrace are
determined to be 141 and 63 pC cm 2, respectively. Their sum
(203 uC cm™?) is close to the theoretical charge for a mono-
electronic transfer per atomic terrace site (205 pC cm~2) on Pt
(554). Each state corresponds to about 0.67 and 0.33 fraction,
respectively, of the amount of terrace sites, in good agreement
with previous studies.*®

If we accept that similar analysis can be applied to {111}Pt
nanoparticles, the percentage of (110) step sites is 15%, a little bit
higher than that of Pt(554) (13%). Besides, 7% of (100) step and
5% of (100) domains are present on {l111}Pt nanoparticles,
indicating that these nanoparticles possess a higher density and
variety of surface sites than those present at the stepped surface.
The amount of ordered (100) domains attained from the
decomposing of the voltammogram is consistent with that (3%)
obtained using irreversible Ge as an in situ probe.*” In general the
error in charge measurements should be considered within 2-3%.

As a result of the charge balance, the sum of the charge of H
and anion adsorption on sites with (111) symmetry would
correspond to 73%. Nonetheless, the amount of (111) domains
evaluated by Bi adsorption is only 42% of the whole sites,*” and
this means a big deviation from that determined by the sum of H
and anion adsorption charges. This may be due to the different
adsorption behaviour of H, anion and Bi, or the superimposition
of different H adsorption states, that would lead to difficulties to
identify the H adsorption on the (111) terrace sites. An alterna-
tive way to determine the amount of (111) domains is to measure
the anion adsorption charge solely, assuming that it involves 1/3
of the (111) terrace sites, according to previous results.** In this
framework, 40% for (111) domains was obtained through this
simple assumption and it coincides well with that determined by
Bi adsorption. The amount of (111) domains is apparently lower
than that of a octahedron with 20 atom width edges (~85%),
which might be ascribed to imperfections and substrate disper-
sion problems of the {l111}Pt nanoparticles. Furthermore, it
should be pointed out that both peaks at 0.12 and 0.26 V can also
be influenced by the presence of possible kink contributions,
which are more difficult to be analyzed quantitatively, as no
model analysis has been proposed yet.

Actual results suggest that the (111) symmetry sites can be split
in two groups. In the first one, relatively large (111) domains are
involved, able to adsorb anions and adatoms and following the
generally fulfilled 2:1 stoichiometry between hydrogen and
anion adsorption. The second group would include isolated sites
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or small ensembles able to only adsorb hydrogen. A similar
picture can be proposed from the analysis of Pt(111) surfaces
disordered by oxygen adsorption.*®

It should be remarked that this analysis implies that the
baseline for (110) sites is not the horizontal double layer
considered in previous deconvolution studies,**® that agrees
with that considered for Pt(110) and its vicinal surfaces.> In the
case of these preferential {111}Pt nanoparticles the (110) defects
baseline would be that defined by the broad hydrogen adsorption
on the overall sites with (111) symmetry.** This would be the
same situation used to measure the step density on stepped
surfaces, such as Pt(554), and would then involve long and short
(111) domains (in the nanoparticles or the n-atom wide terraces
(in the stepped surfaces).

It should be remarked that this kind of analysis is only possible
in samples having well defined (111)-like voltammetric features.
The evaluation of (111) domains by irreversibly adsorbed Bi can
be considered as a general method, applicable to all poly-
crystalline platinum samples, including different shaped nano-
particles. This evaluation enables to classify the different
nanoparticles from the point of view of this particular type of
sites. However, Bi is only able to account for (n-1) terrace sites in
general.®® Deconvolution shows the existence of a broad state at
0.21 V that could be related to (111) contributions that have not
been evaluated by irreversibly adatom adsorption.** This state
was even more important in previous deconvolutions that did not
use Bi to eliminate (111) contributions on polycrystalline plat-
inum.* To precisely determine in more detail the presence of the
different types of sites having the same symmetry but different
neighborhood would require more experimental data, likely
involving systematic studies with series of kinked surfaces. The
results would be then exportable to selected sets of nanoparticles
that could reveal the presence of different contributions. Studies
on solutions of higher pH could help to define new criteria based
on peak splitting that is usually observed in these conditions.'?
More work is in progress to improve the analysis of the platinum
blank voltammogram recorded under extremely well controlled
conditions, in order to gain in situ understanding on the surface
site distribution.

Decoration of Bi and measurement of pztc

Fig. 2 shows the typical Bi deposition CVs on Pt(554) and {111}
Pt nanoparticles in 0.5 M H,SO, containing 10-5~10~* Bi**
solution, from which similar and different behaviours can be
again observed. For the Pt(554) electrode, the variation in CVs
during Bi deposition is in good agreement with those reported
previously with a comparable electrode Pt(775) [6(111) x
(110)].2* Tt can be seen that the sharp peaks around 0.12 V, due to
H de/adsorption on (110) step sites, firstly decrease progressively
with the voltammetric cycling, while the anion adsorption
between 0.35 and 0.7 V, and the H adsorption state below 0.35 V
on (111) terraces, both remain essentially unchanged. Parallel to
this diminution of current, an increasing peak at 0.25 V appears,
which has been ascribed to sulfate/bisulfate adsorbed®* on junc-
tion sites between the adsorbed Bi and the clean platinum atoms
on the terraces. In order to control Bi decoration only at step
sites, the deposition was stopped when the adsorption peak
around 0.12 V almost disappeared, and special care was taken to
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Fig.2 (a) Bi deposition on Pt(554) steps from 2.5 x 10> M Bi** + 0.5 M
H,SO, solution; (b) Bi deposition on {111}Pt nanoparticles steps/defects
from 1 x 10~ M Bi** + 0.5 M H,SO, solution; (c) Bi stripping from the
(111) terraces for {111}Pt nanoparticles by CV, upper potential limit 0.9

V; scan rate 50 mV s .

avoid the appearance of redox peaks at 0.63 V as they evidence
that Bi starts to deposit on the terraces.

When Bi is decorating the {111}Pt nanoparticle surfaces, as
shown in Fig. 2b, it is obvious that besides the coincident
decreasing trend of the 0.12 and 0.26 V peaks, reflecting the
blockage of (110) and (100) surface sites, clear differences can
also be observed. That is, the peak at 0.25 V is not so marked
since it overlaps with the diminution of the (100) peak, and it is
more evident that the contributions around 0.5 V begin to
decrease, accompanied by the appearance of a pair of redox
peaks at 0.63 V, far away before the complete blocking of defects,
indicating that Bi starts to deposit on the ordered (111) domains
before the defect sites are fully blocked. This is because of the
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heterogeneous structure of the {111} Pt nanoparticles and can be
interpreted as following: (i) the Bi probably is able to preferen-
tially adsorb on the edge sites of {111}Pt nanoparticles which
have the same coordination number as that of the (110) step.
However, their local neighborhoods are quite different, so the Bi
maybe adsorbs on the two rows closest to the edge, which will
disturb anion adsorption on the terrace, facilitating further Bi
adsorption; (ii) it is worth noting that the facet of the {111}Pt
nanoparticles is an equilateral triangle, the non-uniformity of the
(111) terrace length may result in the different Bi decoration
behaviour as compared to Pt(554). (iii) The amount of (111)
domains is relatively small, even lower than the terrace
percentage (50%) of single-crystal Pt(331), with 2 atom-width
terrace rows separated by monoatomic (110) steps. This
demonstrates that the (111) domains may be very short and are
likely surrounded by many irregular defects. Therefore, as soon
as Bi blocks one of the defects, it would start to deposit quickly
on the (111) domains.

At first sight, it appeared to be impossible to fully decorate the
defects without blocking the (111) domains by using the same
direct protocol for Pt(554), although we have tried different
methods, including the use of a more dilute solution or rotating
the electrode. The most convenient method to solve this problem
is to use a backtitration strategy: fully block the defects, dis-
regarding the growth of Bi on the (111) domains and then take
out the electrode, rinse it with ultrapure water and transfer it to
another cell containing 0.5 M H,SO,4 completely free of dissolved
Bi(1m) ions. In this second cell the electrode is subjected to vol-
tammetric sweeps up to 0.9 V, a limit that does not destroy the
surface structure of Pt nanoparticles, but high enough to dissolve
the adatoms on terrace sites.”!

As shown in Fig. 2c, with consecutively voltammetric cycling
the contribution around 0.5 V recovers gradually while the peak
at 0.63 V decreases at the same time, indicating that Bi on the
(111) domains can be stripped off by voltammetric cycling to this
relatively higher potential limit. The adsorption of hydrogen
below 0.35V, related to (111) sites, also increases. As can be seen,
the peaks at 0.12 and 0.26 V also increase slightly, indicating that
a very small fraction of Bi on defects (perhaps at the edges
between (111) domains) was also removed during this treatment.
These results illustrate that Bi adsorbed on (111) terraces or (111)
small domains is more easily removed from the surface than Bi
adsorbed on “true” step sites or defects, because the energy for Bi
adsorption on (111) sites is lower than that of the step/defect sites
with lower coordination number.

Fig. 3 compares the representative voltammograms of Pt(554)
and {111}Pt nanoparticles before and after step/defect decora-
tion with Bi in 0.5 M H,SO,. It is clear that the voltammogram
of Pt(554) with decorated steps shows that the hydrogen
de/adsorption peaks on (110) steps nearly disappears, while
keeping the anion adsorption on terraces essentially unchanged,
in agreement with previous studies.** For {111} Pt nanoparticles,
it can be seen that the defects present on the nanoparticle surfaces
have been almost blocked, leaving the ordered (111) domains
unblocked after the treatment mentioned above. The remaining
unblocked defects appear not to be very symmetric, especially the
peak at 0.12 V, which demonstrates that these defects are more
difficult to be blocked and somewhat different to (110) step sites
of the vicinal (111) single-crystal surface. These sites are probably
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Fig. 3 Comparisons of CVs and total charge curves before and after Bi
steps/defects decoration on (a) Pt(554) and (b) {111}Pt nanoparticles in
0.5 M H,SO,, scan rate 50 mV s~

located at the edges between (111) domains or other defects and
hydrogen adsorption would likely affect the position of the
adsorbed adatoms.

The corresponding total charge density vs. potential curves are
also displayed in Fig. 3 referred to right y-axis. These curves were
obtained from the integration of the current density in voltam-
mograms using eqn (1).3

o5~ | P g  gan(£%) (1)

gV

where j, and v represent the voltammetric current density and the
sweep rate, respectively, and E* is the potential of the CO charge
displacement experiment. The integration constant gq;(E*) can
be measured from the displaced charge density during CO
adsorption at the selected potential E* (0.10 V was applied in this
study). Once the total charge density vs. potential curve was
obtained, the pztc can be determined from its interception with
the potential axis. The pztc value of Pt(554) is 0.264 V which is in
good agreement with the previous reports using the same
working solution** or 0.1 M HClO,4.>** Once the steps of Pt(554)
were decorated with Bi, the pztc shifts about 34 mV positively, to
0.298 V. Similar results could be obtained with {111}Pt nano-
particles, the pztc value of {111} Pt nanoparticles is 0.254 V while
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the pztc of {111} Pt-Bi shifts toward a higher potential of 0.264 V.
The decrease of the ptzc on the unmodified electrodes qualita-
tively reflects the presence of more surface defects on the nano-
particles compared to the single crystal. In relation to the role of
bismuth, however, this shift is considerably lower (only 10 mV) in
comparison with that of Pt(554). This positive shift trend of the
pztc of Bi step/defect decoration is coincident with earlier studies
on Bi-decorated steps of (111) vicinal surfaces with different step
symmetry.’*** The reason for these different shifts may be
explained by considering the local pztc of the different surface
domains. In this respect, using N,O reduction as a probe reac-
tion, which can provide the local values of pztc of terrace and
step separately, it is possible to evaluate the local pztc values of
a series of stepped surfaces as well as step decorated surfaces.>***
Results show that on Pt(111) vicinal stepped surfaces in 0.1 M
HCIO, the local pztc was step density dependent, e.g. the local
pztc of step sites shifts to more positive potentials when
increasing step density, whereas terrace sites exhibit an opposite
trend.

In contrast to this, it was shown that the local pztc is inde-
pendent of step density for (100) vicinal planes in 0.1 M H,SO4.%
Based on the values of local pztc, the overall pztc can be inferred
if reasonable assumptions are taken for the deconvolution of the
different contributions to the voltammetric pseudocapacity. It
was found that the overall pztc estimated by N,O reduction is
consistent with the pztc determined by the CO charge displace-
ment method and it always lies between the local pztc of the
terrace and the step. Moreover, the Bi decoration of step sites is
able to neutralize the charge associated to these step sites,
resulting in a positive shift of the overall pztc towards the local
value of the terrace. The invariant local pztc of the terrace also
demonstrates that the Bi deposited on steps shows negligible
effects towards terrace sites. In the present work, the positive
shift of the pztc after the defects of {111}Pt nanoparticles were
decorated with Bi is not so significant as that of Pt(554). As
discussed previously, the (111) domains on {111}Pt nano-
particles may be inhomogeneous in length and randomly
distributed. The average length of (111) domains should be very
short, rather than large, since the percentage of (111) sites is
formally even lower than that of Pt(331). Because of this, the
local pztc of (111) domains, also reflects a weighed statistic
response, maybe significantly lower than that of the Pt(554)
terraces. This behaviour could also reflect the existence of iso-
lated sites or small ensembles of the {111}Pt nanoparticles, that
show different properties than those corresponding to the
terraces present on vicinal Pt(111) stepped surfaces, as those
related to Bi and anion adsorption and the local pztc values. In
any case the interpretation of the pztc on nanoparticles is much
more difficult than on stepped surfaces. In fact, all sites with
different symmetry than (111) are considered as “defects”,
independently of their origin, e.g. the (110) contributions could
be due to defects in octahedral nanoparticles while those related
to (100) symmetry could come from non-octahedral nano-
particles. In the same way, the pztc charges could be assigned to
the different terrace width domains. All these distinctions could
be considered arbitrary at this stage without the required struc-
tural information available. Attempts to analyze X-ray signals to
acquire information on the surface contributions are necessary to
understand overall pztc results.>®

CO stripping

CO stripping was carried out as the final step of the CO
displacement experiment, Ze. after a fully blocked adlayer of CO
was completed on the electrode surface and the remaining CO in
solution was removed by Ar bubbling. Fig. 4 shows the CO
stripping voltammograms (first two cycles) of Pt(554), {111}Pt
nanoparticles and their corresponding Bi decorated surfaces in
0.5 M H,SO, at a scan rate of 20 mV s~'. The surface adsorption
recovery and the absence of further CO oxidation in the second
cycle illustrates that dissolved CO has been completely removed.
The recuperation of the voltammogram after CO stripping also
demonstrates that the Bi-decorated surface is stable in the whole
experiment. When CO was stripped off from Pt(554), the vol-
tammogram gives a symmetric oxidation peak centered around
0.712 V, this peak shifting positively to a higher potential after Bi
step decoration. This result is in good agreement with previous
studies of CO stripping on Pt(554) in 0.1 M HCIO,.>*
Interestingly, the behaviour of CO stripping on {111}Pt
nanoparticles is quite different to that of Pt(554) as evidenced by
the appearance of peak multiplicity in the oxidation process, i.e.,
a “pre-wave” between 0.4 and 0.6 V, a main oxidation peak at
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Fig. 4 Comparisons of CO oxidation before and after Bi steps/defects
decoration of (a) Pt(554) and (b) {111} Pt nanoparticles in 0.5 M H,SO,,
scan rate: 20 mV s7'.
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0.701 V followed by a small peak around 0.761 V. The lower
onset potential and the negative shift of the main CO oxidation
peak indicate that {111}Pt nanoparticles exhibit higher catalytic
activity than that of Pt(554). The voltammogram of CO oxida-
tion on the {111}Pt nanoparticles is quite different to that
reported in ref. 17 on a similarly nominated electrode, especially
because the peak around 0.761 V is much smaller. As it was
pointed out, the peak around 0.761 V depends strongly on the
amount of ordered (100) domains. In the present case, the
amount of (100) terrace sites is only 3%, significantly lower than
that reported for the sample in the previous reference (32%). This
can also be confirmed by the apparent difference in the corre-
sponding hydrogen adsorption regions of the blank voltammo-
grams. This comparison suggests that the present nanoparticles
are more representative of the {111}Pt character than the
previously synthesized ones although all the same types of defect
sites are present in both cases.

As previously stated, the multiplicity of CO oxidation peaks in
acid media (H,SO4 and HCIOy) is closely correlated to the
structure of nanoparticles,.*'”"** In addition, this multiplicity has
been also observed in alkaline solution with well defined stepped
surfaces’® as well as nanoparticles,” and it has been again
interpreted as CO oxidation on different surface sites. Up to
now, it has been revealed that the activity of CO oxidation on
different sites in alkaline media follows the sequence: kink >
(110) step > (100) step > (111) terrace.'™'® However, results
obtained in our laboratory with kinked surfaces suggest that
kink sites do not confer special reactivity. In this framework, the
“pre-wave” at the low potential region would be most likely
associated with CO oxidation on isolated defects on the {111}Pt
nanoparticles surface, likely the isolated (111) sites or small
ensembles. This hypothesis can be supported by considering CO
stripping on {111}Pt nanoparticles in acid media whose defects
have been decorated with Bi. As it can clearly be seen, the “pre-
wave” disappears completely after the defect of {111}Pt nano-
particles were blocked with Bi. Moreover, CO stripping on {111}
Pt-Bi only gives a symmetric oxidation peak indicating that the
(100) domains have also been blocked by Bi. This stripping peak
also shifts positively to 0.740 V in comparison with the main
stripping peak of CO on {111}Pt nanoparticles without deco-
ration. As discussed previously, Bi decoration on step/defect sites
shows negligible electronic effect towards adsorption on (111)
terrace sites or (111) domains, only quenching the charge asso-
ciated with these step/defect sites without modifying the behav-
iour on the terraces. In this respect, the positive shift of the CO
oxidation peak points out that steps/defects act as active sites for
CO electrooxidation.'s** These results further confirm that CO
oxidation is a structure-sensitive process and small modification
on the surface cause significant changes on the reaction kinetics.

It is well known that CO coverage is an important parameter
since it affects greatly the interaction between CO molecules and
other co-adsorbates, thus further influencing their possibility of
adsorption, binding energy and finally the oxidation kinetics.®°
In our recent related study using adatom step decorationin 0.1 M
HCIO,, it was found that CO coverage on (110) and (100) step
sites of CO saturated (111) vicinal surfaces was completely
different, that is 0.7 for (110) steps while only 0.4 for (100) steps.
The CO bond is also quite different, i.e., (110) was dominated by
top CO but (100) was prevalent with bridge CO, indicating the

different binding energy of CO with different step sites. More-
over the reaction kinetics was found to be different as a conse-
quence of the different CO coverage and bond geometry on the
different step sites®*¢' Therefore, it is desirable to measure the
CO coverage for the defects of preferentially oriented Pt nano-
particles. In order to determine the CO coverage, the first step
deals with the determination of the true CO oxidation charge
from the whole CO stripping charge, due to the non-negligible
contribution of the double layer restoration, including anion re-
adsorption.®® This problem can be easily solved, for both well
defined single crystals and nanoparticles, with the knowledge of
the pztc. The net charge of CO oxidation can be easily obtained
by subtracting from the raw stripping charge the double layer
correction charge from the integration of the voltammogram, in
the first and second positive-going sweep respectively, between
the pztc and the upper potential limit used for CO stripping.3* As
discussed in our previous work, the hydrogen adsorption can be
used as an alternative estimation of Pt step sites, following the
previously known hydrogen coverage on steps (in both (110) and
(100) steps it can be considered to be ~1).3**1~3 The adsorbed H
charge can be obtained from the total charge at the lower
potential limit (0.06 V) in the absence of CO. The charge of CO
oxidation and hydrogen adsorption before and after Bi decora-
tion of the steps/defects can be obtained by subtracting the cor-
responding CO stripping and H adsorption charges before and
after Bi decoration. Then CO coverage on step/defect sites (62.0)
can be calculated by eqn (2):

Bi
S qdco — 4co

= )
7 2qn — qB)

where gco and gy represent the net CO oxidation and H
adsorption charges, respectively, of non-decorated surfaces,
while ¢&5 and ¢¥! are the corresponding charges on Bi decorated
surfaces. In fact, the blocked H charge of Pt(554) (26 uC cm2) is
the same as that expected for the theoretical charge of Pt(554)
steps.

Therefore, 62 of Pt(554) can be obtained by comparing the
overall CO stripping charge with the change of H charge. The CO
coverage on Pt(554) terraces can be evaluated with eqn (3):

0T — q?é (3)

co T
2qh(554)

where qgt(554) is the theoretical terrace charge (205 pC cm—2) of Pt
(554) calculated from the hard-sphere model.*” Moreover, the
overall CO coverage of Pt(554) can be calculated by eqn (4):

Oco = gco 4)

where gpysss) is the theoretical charge density for a mono-
electronic transfer on the atomic monolayer of Pt(554), about
231 uC cm~2 Finally, if we consider that the CO coverage on
(111) domains of {111}Pt nanoparticles is the same as that on
terraces of Pt(554), the overall CO coverage on {111}Pt nano-
particles would be:

Oco = x"0¢0 + y50e0 (5)

Here x" and S are the fraction of (111) terrace sites and other
defect sites, ie., 0.42 (determined by Bi adsorption) and 0.58
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Table2 Parameters obtained from Pt(554) and {111} Pt nanoparticles with and without Bi decoration. pztc is the potential of zero total charge; ¢co and
gy represent the net CO oxidation and H adsorption charge, res¥ectively, of non-decorated surfaces; g2 and ¢f; are the CO and H charge on step/defect
sites, respectively; 680 is the CO coverage on step/defect sites; 6o is the CO coverage on (111) terrace/domain sites; fco is the overall CO coverage; 6 is
the CO coverage using gy as reference, in the case of (111) terrace H coverage is 0.67; Tafel slopes are obtained from the potential dependence of log k as

shown in Fig. 7

Electrode  pztc/V  geo/nC em™  gu/pC em™2  goo/pCem™  gi/nCem=2 630 0&o fOco 0 (vs. qn)

Tafel slope, k; Tafel slope, k>

Pt(554) 0.264  302.2 169.5 34.2 25.7
Pt(554)-Bi  0.298  268.0 143.8
{111} Pt 0.254  351.8 197.7 65.2 49.6
{111}Pt-Bi  0.264  286.6 148.1

0.66 0.66 0.89 84 £ 6 84 +6
0.65 0.62(x 0.67) 70+3 70 +£3
0.66 0.66 0.89 95+ 4 95+6
0.65 0.65(x 0.67) 75+6 67 +7

respectively.’” The results obtained from decorated and non-
decorated surfaces are summarized in Table 2. The coverage
values of CO on step, terrace and overall surface of Pt(554) are
0.66, 0.65 and 0.66, respectively, in good agreement with
previous results in 0.1 M HCIO,,** and this demonstrates that the
CO coverage is independent of the electrolyte used. Despite the
different CO stripping charge, the three different CO coverages
of {111} Pt nanoparticles are almost the same as those of Pt(554).
The overall CO coverage of {111}Pt nanoparticles is significantly
lower than that attained in our previous study.® This is due to the
fact that in the previous study the H total charge was used as
a reference to estimate the CO coverage for all different structure
Pt nanoparticles, in order to avoid the uncertainty from classical
double layer correction in different electrolytes. However, as
known from single crystals, the hydrogen adsorption charge
related to different types of sites is quite different (for steps is ~1
and for (111) terraces ~0.67).3**-4% This makes it difficult to
extract detailed local contributions at the molecular level on all
different structured Pt nanoparticles. In fact, as shown in Table
1, if we use gy as reference for calculating the overall CO
coverage on different surfaces, coincident results can also be
achieved. In short, the defects and (111) domains of {111}Pt
nanoparticles separate more clearly with the help of defect
decoration and the knowledge of single-crystal particular
geometry. In this way, the local CO coverage of defects and (111)
domains can be easily obtained and thus the real overall CO
coverage on the {111}Pt nanoparticles can be determined.

Kinetics study of CO electrooxidation

The kinetics of CO oxidation on the Pt(554) single-crystal elec-
trode, {111}Pt nanoparticles as well as their Bi decorated ones
were carried out by using chronoamperometry. Fig. 5 shows the
corresponding current-time transients of CO oxidation on the
different surfaces in 0.5 M H,SO, as the potential was stepped
from 0.1 V to a series of higher potentials. It is apparent that all
the transients have the similar shape: after a fast double layer
charge transient a main peak with tailing follows, indicating
a similar CO oxidation transient on all the studied surfaces with
and without Bi decoration. These transients are somewhat
different to those observed on longer terrace electrodes vicinal to
Pt(111) (symmetry of the main peak) but are similar to those
obtained from higher step density vicinal Pt(111) electrode
surfaces,’* Pt(100) electrodes having surface defects®* and
nanoparticles.?***%* The tailing in the main peak of CO mono-
layer oxidation on Pt stepped single crystals has been ascribed to
a lesser reactivity of CO adsorbed on step edges, due to the

limitations in the ability of CO to attain a reactive geometry.'*!?
For Pt nanoparticles below 2 nm, it has been suggested that CO
diffusion on the surface is slow, which limits the ability of CO to
reach the sites active for OH formation.** The possibility of
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Fig. 5 Current transients of CO oxidation at different potentials on Pt
(554), Pt(554)-Bi, {111} Pt nanoparticles and {111}Pt-Biin 0.5 M H,SO,.
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Fig. 6 Current transients of CO oxidation at 0.73 V in 0.5 M H,SO,4 on
different surfaces as indicated in the figures. The symbols show the
selective experimental data and the solid lines are the fit of the peaks by
mean-field approximation.

blocking CO diffusion by the adsorption of anions on the free Pt
sites that will appear as soon as CO molecules are removed from
the surface has also been discussed.?® According to Inkaew ef al.,
the tailing observed in the long time of the transients of Pt(100)
with defects and Pt black catalyst particles, may be due to the
different kinetics of CO adsorbed on terrace and step sites.*® It is
obvious that the tailing transients can not be fitted by the typical
mean field approximation.'”> However, they can be well fitted
with a modified mean-field Langmuir-Hinshelwood model (eqn
(6)). The equation, which has also been successfully applied to fit
multiple peaks for CO oxidation on Pt(510),% is as following:

g2k exp(—ka(t — tmaxp))
[1 + exp(—ks (1 — tmax2))]
(6)

where j(?) is the current density; ¢ is the charge density associated
with CO adlayer oxidation in the fitting peak, including contri-
butions from (bi)sulfate re-adsorption; k is the rate constant for
the reaction between CO and oxygen containing species; and 7.«

o @ik exp(—ki(t — tmax1))
T = T exp(ho (= o)

Pt(554)_logk1
Pt(554)_logk2

Pt(554)-Bi_logk1
Pt(554)-Bi_logk2

e m OO

log(k/s™)

log(k/s™)

is the time at which the maximum is observed in the fitting curve.
The subscripts 1 and 2 indicate that they are related to individual
contributions.

As shown in Fig. 6, the transients of CO oxidation when the
potential is stepped at 0.73 V can all be fitted satisfactorily by
eqn. (6), demonstrating that CO oxidation on Pt(554), prefer-
entially oriented {111}Pt nanoparticles and their corresponding
Bi decorated surfaces can be described by a similar mechanism
composed of two components. A series of rate constants k; and
k, measured at different step potentials, can be attained from the
simulation process. The corresponding semilogarithmic plots are
shown in Fig. 7. It can be seen that the CO oxidation rate
decreases for Bi decorated Pt(554) and {111}Pt nanoparticles
when compared to their corresponding blank surfaces, demon-
strating that Pt step/defects sites play an enhancing role for CO
oxidation. For Pt(554), the first contribution seems more related
to the step effects since k| remarkably decreases once the (110)
step was blocked by Bi, while it shows negligible effects towards
k>. The log(k,) and log(k,) both deviate from the linear rela-
tionship for Bi decorated Pt(554) and {111} Pt, at high potentials,
may be due to anion adsorption on Bi decorated on step/defect
sites at such high potentials (ca. 0.76 V), as can also be seen in the
voltammograms (Fig. 3).

The values of Tafel slope obtained from the fitting lines are
given in Table 2. Obviously, the Tafel slopes are the same for the
two different contributions of both Pt(554) and {111}Pt nano-
particles, respectively. This corroborates that CO oxidation in
the two contributions undertakes the same mechanism. After Bi
decoration, the Tafel slope of Pt(554)-Bi for the two different
contributions is still the same, although it decreases in compar-
ison with those of Pt(554). The Tafel slopes show the same
decreasing trend for Bi-decorated {111}Pt nanoparticles, except
that there is a small difference on the values between the two
contributions. It should be pointed out that the same Tafel slope
in the two contributions of both Pt(554) and {111}Pt nano-
particles is different to that observed on Pt(510), which showed
different values for different contributions, that were ascribed to
CO oxidation on different types of sites.®® In the current case, the
two contributions of CO oxidation may take place at the same
reactive sites (steps/defects) and the differences would only be
related to different kinetics of CO on terrace and step/defect sites,
since their Tafel slopes are similar. It has been demonstrated that

{111}Pt_logk1
{111}Pt_logk2
{111}Pt-Bi_logk1
{111}Pt-Bi_logk2

0.5+
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Fig.7 Dependence of the rate constants (k), determined by fitting the experimental data with eqn. (6), on step potential: (a) Pt(554) and Pt(554)-Bi; (b)

{111} Pt nanoparticles and {111}Pt-Bi; in 0.5 M H,SO,.
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the Tafel slopes depend strongly on the step site symmetry (type
of steps, density and decoration).®* The variation of the Tafel
slopes in the present study resemble those in previous studies, i.e.,
they decrease with increasing terrace length as well as adatom
decoration on step sites,®' and this has been interpreted by the
change of OH (the oxygen containing species required for CO
oxidation) adsorption isotherm on different surfaces.®-** The
Tafel slope of {111} Pt nanoparticles is somewhat larger than that
of Pt(554) which can be attributed to its relatively shorter
terraces, as aforementioned. The values of Tafel slopes are in the
range 60-90 mV decade™! pointing out that CO oxidation on Pt
(554) and {111}Pt nanoparticles as well as their Bi decorated
ones undergo the same mechanism, that is a Langmuir-Hin-
shelwood model involving a slow chemical step (CO,q + OH,q4
— CO, + H" +¢).

Conclusions

In this paper, CO electrochemical oxidation on preferentially
oriented {111}Pt nanoparticles was carried out and compared to
that on single-crystal Pt(554). This is a particular situation
because the characteristic fingerprint voltammograms are very
similar, as nanoparticles only contain a small contribution from
(100) symmetry sites, and thus Pt(554) can be used as model
surface to understand the reactivity of {111}Pt nanoparticles. In
this respect, Bi decoration on step and defect sites was performed
to reveal the step/defect roles toward CO adsorption and
oxidation. CO displacement experiments were performed to
determine the pztc of Pt(554) and {111}Pt nanoparticles. The
analysis of charges of individual site contributions, which can be
attempted by using the criteria proposed for single-crystal step-
ped surfaces, suggests that for the {l111}Pt nanoparticles, the
(111) contributions are due to the presence of bidimensional
domains. These (111) domains are able to adsorb Bi and anions,
as done by stepped surfaces, but also contain an important
fraction of isolated sites or small ensembles which can only
adsorb hydrogen.

The positive shift of pztc after Bi decoration is consistent with
that observed on the single-crystal surface. The lower shift of the
pztc of Bi decorated {111}Pt nanoparticles likely reflects a more
complex nanoparticle structure and the presence of relatively
short (111) terraces. The positive shift of CO stripping peak after
Bi step/defect decoration demonstrates the catalytic effect of
step/defect sites towards CO oxidation. With the knowledge of
pztc and the help of Bi decoration, the local and total CO
coverage of {111}Pt nanoparticles has been obtained. The
different types of CO coverage determined for {111}Pt nano-
particles are quite coincident with those attained from Pt(554),
further confirming their internal relationships as evidenced by
their similar blank voltammograms. Chronoamperometry
studies show similar current-time transients for Pt(554) and
{111}Pt nanoparticles and their Bi decorated surfaces, and the
corresponding transients can be simulated well with a modified
Langmuir—-Hinshelwood model. The Tafel slopes are located
between 60-90 mV decade™!, confirming the similar mechanism
of CO oxidation on the studied surfaces, i.e., Langmuir-Hin-
shelwood model with a slow chemical step. This study establishes
a bridge from simple and basic single crystals to more compli-
cated and practical nanoparticles. More experimental and

theoretical efforts should be dedicated to unveil the intrinsic
properties of CO oxidation on Pt nanoparticles, but the use of
well defined, quantitative experiments, with model nanoparticles
and stepped surfaces can contribute to this understanding.
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