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ABSTRACT.

The voltammetric profile of preferentially shaped platinum nanoparticles has been used to analyze of
the different sites present on the surface. This analysis has been made, for the first time, in NaOH
solutions and revisited in sulfuric and perchloric acid media. The comparison with the voltammetric
profiles of the model surfaces, i.e., single crystal electrodes, allows assigning the different signals
appearing in the voltammograms of the nanoparticle to specific sites on the surface. A good
correlation between the shape of the nanoparticle determined by TEM and the voltammetric profile
is obtained. For the nanoparticles characterized in alkaline media, the adsorbed species on the
surface has been characterized and three major regions can be identified. Below 0.2 V, the major
contribution is due to hydrogen adsorption whereas above 0.6 V, adsorbed OH is the main species on
the surface. In between both values, the signals are due to competitive adsorption/desorption process
of OH/H. New criteria for determining the active area in NaOH solutions has been proposed. In this
medium, the total charge density measured between 0.06 and 0.90V stands for 390 pC cm™. The

areas measured are in perfect agreement with those measured in acid media. Once the nanoparticles
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have been characterized, the behavior of the nanoparticles towards CO oxidation has been analyzed.

It has been found that the nanoparticle edges are key sites in the oxidation of CO.

KEYWORDS. Platinum, nanoparticles characterization, alkaline media, CO oxidation.

Introduction

It is well-established that most of the electrocatalytic reactions of interest are structure sensitive.
This effect has been well documented by using single crystal electrodes. In some cases, such as
hydrogen oxidation or oxygen reduction, the reactivity of the single crystal electrodes is similar,
albeit some reactivity differences (measured current density at constant potential) can be observed.'™
These differences are more significant for the oxidation of potential organic fuels or for nitrogen
containing compounds.4’ > In some particular cases, the reaction only takes place on a particular type
of surface site.

For practical purposes, nanoparticle electrocatalysts dispersed on a suitable support are used. As
the reaction takes place on the surface sites, the surface structure of the nanoparticle will strongly
control their reactivity. In the last years, the synthesis of shape-controlled Pt nanoparticles has been
widely explored with the main objective of obtaining more efficient catalysts.” Thus, it has been
clearly shown that the reactivity and selectivity of the Pt nanoparticles can be modulated by
controlling the morphology, because the surface of the nanoparticles may contain very different
reactive surface sites depending on their shape.” '° In addition, these shape controlled nanoparticles
are ideal to understand the reactivity of practical electrodes since they provide the missing link with
the model surfaces, i.e., the single crystal electrodes. However, the preparation of shape-controlled
Pt nanoparticles requires, in most of the cases, the use of surface-stabilizing agents. Consequently,
once the nanoparticles are synthesized, these stabilizing agents must be completely removed from
the surface of the nanoparticles because, as previously stated, chemical or electrochemical reactions
can be only understood on “clean” surfaces. Obtaining reproducible measurements requires the

comparison between data on clean surfaces, because “contaminated” surfaces have unknown



composition. Reproducibility is a key factor in Science, that is, progress in the understanding of
surface reactivity requires standard procedures to be fulfilled on the different laboratories. However,
one question arises from this requirement: how should surface cleaning be evaluated? Fortunately,
after more than 30 years of working with Pt in electrocatalysis, the level of cleanliness of the Pt
surfaces can be readily evaluated by simply visualizing the so-called hydrogen adsorption desorption
region.'' Thus, the peak position, definition (sharpness) and the reversibility of the adsorption states
in the so-called hydrogen and anion adsorption region can be employed as probes to estimate the
surface cleanliness of the Pt nanoparticles, an imperative pre-requisite for a correct surface
characterization and further electrocatalytic evaluation. Consequently, the criteria developed for
validating single crystal experiments should be also considered when the reactivity of nanoparticles
is examined, which would allow gaining the comprehensive understanding of their intrinsic catalytic
or electrocatalytic properties.

Interestingly, this hydrogen and anion adsorption region can also be used as probe reactions to
define the properties of the surface. Two main reasons justify the use of this region for this purpose.
First, the overall adsorption charge is directly proportional to the amount of surface atoms and thus
can be used to calculate the real surface area. Second, it is well-established that the orientation, the
type of ordered domains, and the density of step sites of a Pt single crystal plane including basal,
stepped and kinked surfaces could be readily characterized by using its voltammogram in the so-
called hydrogen adsorption/desorption region.'”'® Consequently, in case of the shape-controlled Pt
nanoparticles, the distribution of the charge among the different voltammetric peaks gives a first
estimation of the presence of the different surface sites on the whole surface.'>'” Additionally, the
characteristic response of the surface sites present at the nanoparticles can be analyzed by simply
comparison with model single crystal stepped surface electrodes, which consist of a regular
succession of terraces with a given symmetry separated by monoatomic steps with a different, but
controlled, symmetry. By changing the terrace width and the symmetry of the step, the contributions
of the different domains can be analyzed and linked to the results of the real surfaces. An additional
advantage is that all these measurements may be performed in solution, i.e. the environment in

which electrochemical reactions occur.



In this paper we report and discuss the electrochemical response of some representative shape-
controlled Pt nanoparticles in the so-called hydrogen adsorption/desorption region for different
electrolytes. This analysis is made, for the first time, in NaOH solution and revisited for H,SO4 and
HCIO4 solutions. The results obtained will be correlated with those coming from model single
crystal Pt surfaces. Interestingly, a new criterion for determining the active surface area in NaOH is
presented based on the analysis of the electrochemical response of the different Pt basal planes as
well as some stepped and kink surfaces obtained in the same experimental conditions as those
employed in case of the different nanoparticles as well as on the comparison with the active surface
area of the nanoparticles determined in the other supporting electrolytes (H,SO4 and HCIO4). A
correct determination of the active surface area is a question of paramount importance in
Electrocatalyis because allows properly measuring the intrinsic electrocatalytic properties of the
system under study. Additionally, in this alkaline media, we also report new insights into the CO
stripping oxidation on the different shape controlled Pt nanoparticles. These new results will be
discussed in terms of CO electrooxidation on well-defined stepped Pt single crystals which has been

recently studied in detail. '*2

Experimental

Synthesis and cleaning of the Pt nanoparticles

In this work, four types of Pt nanoparticles were prepared. Comprehensive experimental details on
the synthesis are given in the supporting material. In brief, Pt nanoparticles with preferential
spherical shape (PtNPg,,.) were synthesized by reducing H,PtClg with sodium borohydride using a
water-in-oil (w/0) microemulsion.”® The other three types of nanoparticles (with preferential cubic
shape (PtNP.ic), with preferential octahedral tetrahedral shape (PtNPy,) and with preferential
octahedral and tetrahedral truncated shape (PtNPi.,.)) were synthesized with a colloidal method
using sodium polyacrylate (PA, Mw = 2100) as capping agent, K,PtCly or H,PtCls as metallic

precursor, and H; as reducing agent.” " *®

Cleaning process for the shape-controlled Pt nanoparticles




After complete reduction (12-14 hours), the shape-controlled Pt NPs were cleaned with strong
basic aqueous solution followed by several water washes to finally achieve a water suspension with
clean Pt nanoparticles. For the present experimental conditions (100 ml of solution), two NaOH
pellets (= 0.2 g) are added to the colloidal suspension containing the shape-controlled Pt
nanoparticles. Once NaOH is dissolved, the sample is left to stand until complete precipitation. After
solvent removal, the nanoparticles were washed 3-4 times with ultra-pure water. The previously
described cleaning procedures should be considered exclusively valid for the current synthetic
methodologies and should not be taken as a general cleaning method. For instance, we have tried to
employ the same cleaning methodology for shape-controlled Pt nanoparticles synthesized with PVP,

which is one of the most widely employed stabilizing agents, with negative results.

Characterization of Pt nanoparticles by TEM

Transmission Electron Microscopy (TEM) and High Resolution Transmission Electron
Microscopy (HRTEM) have been employed to investigate the shape of the nanoparticles at the
atomic scale. TEM experiments were performed with a JEOL, JEM 2010 microscope working at 200
kV whereas HRTEM experiments have been carried out on a JEOL 3010 microscope (LaB6, Cs=1.1
mm) operated at 300 kV, providing a point-to-point resolution of 0.19 nm. The sample was obtained
by placing a drop of the dispersed solution onto a Formvar-covered copper grid and evaporating it in
air at room temperature. For each sample, usually more than 200 particles from different parts of the
grid were used to estimate the mean diameter and size distribution of the nanoparticles. Despite the
micrographs only provide a 2D projection of these particles, they clearly evidence that the

nanoparticles crystallize with different shapes.

Platinum single crystal electrodes




Platinum single crystals were oriented, cut and polished from small single crystal beads (~2.5 mm
diameter) by the procedure described previously.”’ The electrodes were flame-annealed and cooled
down in a H, + Ar atmosphere in the usual way.* It has been shown that this treatment leads to well-
defined surfaces.’’ A single crystal platinum bead obtained by fusion of a Pt wire was used as a
polycrystalline surface having uniform distribution of all surface sites (Pt poly). A detailed

description of the single crystal surfaces is given in the supporting information (table S1).

Electrochemical characterization

The electrochemical characterization of the samples, both single crystal surfaces and Pt
nanoparticles, was performed in a three-electrode electrochemical cell. The electrode potential was
controlled using a PGSTAT30 AUTOLAB system. The counter electrode was a gold wire. Potentials
were measured against a reversible hydrogen electrode (RHE) connected to the cell through a
Luggin capillary. For the Pt nanoparticles, a droplet ranging from 1 to 3 pL of the solution
containing the nanoparticles was deposited on a hemispherical polycrystalline gold substrate and
dried under an Ar atmosphere. Before each experiment, the gold collector was mechanically
polished with alumina and rinsed with ultra-pure water to eliminate the nanoparticles from previous
experiments. In order to perform the adsorbed CO oxidation experiments, CO(g) was bubbled
through the electrolyte at an admission potential of 0.05 V until the complete blockage of the surface
was reached, which was monitored by cycling the electrode between 0.05 and 0.35 V. After that, CO
was removed from the solution by bubbling Ar for at least 20 min. CO-stripping voltammograms
were registered at 20 mV s™ in order to oxidize the CO molecules adsorbed on the surface in a single
sweep. The supporting electrolytes, 0.5 M H,SO4 and 0.1 M HCIO4, were prepared from suprapur
quality (Merck) and 0.1 M NaOH solutions from p.a. quality (Merck) NaOH pellets. Solutions were
prepared using Millipore MilliQ water. Oxygen was eliminated by bubbling Ar (Air Liquide N50)
for 20 min.

The determination of the active surface area of the Pt nanoparticles is a question of paramount
importance in Electrocatalyis because allows properly determining the intrinsic electrocatalytic

properties of the system under study. In the present work, the active surface area of the different Pt



nanoparticles was determined in H,SO4 and in HCIO4 by the charge involved in the so-called
hydrogen UPD region assuming 230 pC cm™ and 200 pC cm™ respectively, for the total charge after
the subtraction of the double layer charging contribution as previously discussed.'’ However, in case
of the alkaline medium, the determination of the active surface area is not straightforward and will

be studied in more detail in the present manuscript.

Results

Voltammetric characterization of the nanoparticles

PtNPone, PINPcupic, PtINPieira and PtNPyune nanoparticles with a particle size of 4.5 +£ 0.8 nm, 8.2 +
1.6 nm, 8.5 £ 1.4 nm and 9.7 £ 1.6 nm respectively, were successfully obtained after synthetic
procedures (see figs. S1-S3 for some representative TEM and HRTEM images of the Pt
nanoparticles as well as their particle size histograms). In terms of surface structure, these samples
can be assigned to polyoriented, (100), (111), and (111)-(100) preferentially oriented Pt
nanoparticles, respectively.

Fig. 1 shows the characteristic voltammetric profiles of the different Pt nanoparticles in 0.5 M
H,S0,, after effective cleaning of their surfaces. The sharpness, good definition and the symmetry of
the adsorption states in all samples are clear evidences of the effective surface cleanliness. The
analysis of the characteristic voltammetric features obtained in this media was already discussed in
detail in a previous contribution.* In summary, the main voltammetric features are i) the peak at
0.125 V, which is related to (110)-type sites, ii) the peak at 0.27 V, with contains two contributions
from (100) step sites on (111) terraces and the sites close to the steps on the (100) terraces, iii) the
signals 0.35-0.37 V attributed to (100) bidimensional terraces and iv) the signals at 0.5 V, related to
the bidimensionally ordered (111) terraces. All these voltammetric profiles perfectly correlate with
those obtained with Pt single crystal electrodes (Fig. S4). In this way, this simple electrochemical
experiment can give us a first estimation of the presence of the different surface sites on the whole
surface as well as evidence of the surface cleanliness. Interestingly, all these states are observed in

all Pt nanoparticles but in a different extent, which reflects their specific surface structure



composition, in agreement with that suggested by the TEM measurements. Additionally, surface

24, 32, 33 24, 34, 35 24, 36
>, 32, Ge™ > s

probes sensitive to specific sites such as Bi, or Te adsorption and the
deconvolution of the voltammetric profiles®* allow quantifying the relative amount of sites present
on the surface of the nanoparticle (see table S2). These values are in very good agreement with the
preferential shape determined from the TEM images. Thus, the voltammetric profile of PtNP i
exhibits the largest contributions at 0.35-0.37 V assigned to the (100) ordered domains, whereas the
(111) nanoparticles have the highest currents in the region corresponding to the (111) domains. In
addition, it is worth noting that despite of the size and shape dispersion of the samples, the
voltammetric profile of each particular sample which reflects their surface structure, it is always the

same for different aliquots of the sample in independent experiments. Consequently, their

voltammetric profile can be used as fingerprint of their specific surface structure.
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Figure 1. Voltammograms corresponding to (A) PtNPghe, (B) PtNPcwic (C) PtNPiy, and (D)

PtNPiunc 1n 0.5 M H,SOy4. Scan rate 50 mV st

Switching to HCIO4, and although it is known that the adsorption desorption peaks are not as
well resolved in this electrolyte as in sulfuric acid, different voltammetric profiles can be also

obtained in this media from distinct shape of the nanoparticles. In addition, it should be highlighted



that the absence of specific anion adsorption causes that the different adsorption states spread in a
wider potential range, that is, the peaks become wider. This broader profile makes more difficult to
identify by simple inspection that the nanoparticle surfaces are clean, in comparison to the data in
sulfuric acid. Figure 2 shows the voltammograms obtained for the different Pt nanoparticles. By
comparison with those obtained with Pt single crystal electrodes, figure 3, it is possible to identify
the main voltammetric features in this electrolyte. In detail, the contributions in the range between
0.3-0.5 V can be clearly related to the presence of (100) sites due to OH adsorption on the (100)
well-ordered domains as proposed for the single crystal electrodes with this orientation.’” *® Thus,
the voltammograms of the PtNPyi., and also that of the PtNPy.,, although that in a lesser extent,
show a significant broad contribution in this region in agreement with their preferential surface
orientation as well as the results obtained in sulfuric media. This contribution is absent in the
PtNPiera, which have a very low amount of well ordered (100) domains. On the other hand, the
contributions in the range between 0.09-0.22 V can be attributed to (110) sites. Interestingly, a clear
splitting in at least three different contributions, not observed in sulfuric acid, can be observed.
Similar behavior has been observed in the voltammetry of Pt(110) single crystal electrodes and its
vicinal surfaces in perchloric acid and points out the complexity of this adsorption state, which is the
least studied among the platinum single crystal basal planes.””™*' Finally, in this solution, the (111)
bidimensional states cannot be identified, as they are shifted towards high potentials and overlap
with oxygenated species adsorption at (100) and (110) sites, making difficult its identification
because does not show prominent peaks below 0.35 V. As happens in sulfuric acid, (111) sites give a
flat contribution on the 0.06-0.30 V region, which cannot be distinguished from those coming from

the double layer charging processes.
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Figure 2. Voltammograms corresponding to (A) PtNPghe, (B) PtNPcwic (C) PtNPiy, and (D)
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Finally, figure 4 shows the characteristic voltammetric profiles of the different shape controlled
Pt nanoparticles in alkaline media (0.1 M NaOH). In these voltammetric profiles, the contribution

from the gold support has been subtracted in all cases, to obtain the “net” voltammetric profile of the
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nanoparticles. This contribution is important in alkaline media due to the higher amount of OH
adsorption on gold in the range between 0.5-0.9 V. Figure 5 shows the black voltammograms of the
gold support as well as the black CV of one of the samples and the resulting CV after subtraction. As
previously stated, the major changes occur in the range between 0.5-0.9 V remaining the

contributions in the lower potential range almost invariable.

E/V vs RHE
00 02 04 06 08
10() N | N | N | N | N
| A
50
e ]
< 04
= il
_5()_
-100 — T T T T T T T
1 B
50
e ]
< 01
ENN
_5()_
-100 — T T T T T T
| C
50
5§ o0-
<
ER
504
-100 — T T T T T T T
| D
50
e O_
g o-
;3 ]
_50_
100 41— :

— T T
00 02 04 06 038
E/V vs RHE

Figure 4. Voltammograms corresponding to (A) PtNPgne, (B) PtNPouic (C) PtNPiy, and (D)

PtNPune in 0.1 M NaOH. Scan rate 50 mV s~

13



Gold support blank CV
- - - - Pt sample black CV
------ CV after gold subtraction

"
i e
i\ 2
0.02 [ (IR}
X Fy
| ¥
[ [
[ 4
i ll [ { B
] I : N
P ¢ Vo
BN P . T
0014+~ /v [ : :
i I Vi / !
\ N ¢ i
H \ ’”
! \ o |
1 PR |
< | |
1
€ 0.00 "
~ ] H
—_ i N
i
[ ?
; - E
L) P
I T 7
ERO ! N i
ooty [ -
R4 Vol Vi v 1
e [ Y [
[ Yo
v v
[ ]
V] Y
-0.02- ]
!
Y

Evs RHE/V

Figure 5. Voltammetric profiles of the gold support (solid line), PtNP.,. (dashed line) and PtNPyync

after subtraction of the gold contribution in 0.1 M NaOH. Scan rate 50 mV s™.

In spite of the assumed absence of specific adsorption, the voltammetric profiles also show two
main peaks, as in the case of sulfuric acid media, although these peaks appear at higher potentials.
The shift towards higher potential values has been already reported for the peaks corresponding to
the (110) and (100) steps on the (111) terraces (figure 6).** To identify the different adsorption
contributions, figure 5 shows the voltammetric response of some Pt single crystal electrodes both
basal planes and stepped surfaces, in the same electrolyte. Figure SA reports the voltammogram of a
Pt(111) surface which shows its characteristic OH adsorption contribution on (111) ordered terraces
in the potential range between 0.65-0.9 V and a featureless flat signal between 0.06 and 0.3 V. The
contributions at high potentials are well-observed in all Pt nanoparticles but its relative intensity
strongly depends on their shape. Thus, the PtNP, (figure 4C) as well as the PtNPyye (figure 4D),

show a much more intense contribution in agreement with their expected surface structure, since

they contain mostly (111) ordered domains.
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On the other hand, the (110) contributions both for the basal planes (Pt(110)), and steps (Pt(610)
and Pt(775)), can be delimited in the range between 0.15-0.35 V (figure 5C) with a well-marked
peak. Remarkably, for (110) terraces (Figure 5C) a clear shoulder is observed; this shoulder is also
present in case of the PtNPyy, (figure 4C) and PtNPyy,. (figure 4D). The second peak of the
voltammograms at ca. 0.4 V contains the contributions from two different types of sites. As in the
case of the peak at 0.27 V for sulfuric acid, it contains the contributions from the (100) sites on the
(111) terraces as shown for the Pt(755) electrode and also the contributions from the steps on the
(100) terraces.” As can be seen, this peak is almost absent for the PtNPy, since the faces of the
nanoparticles have a (111) preferential orientation and the presence of (110) steps and defects on
these terraces is favorable with respect to the (100) steps. Additionally, the possible rounded edges
of the nanoparticles containing (111) faces have a (110) symmetry, which justify the large intensity
of the (110) associated peak and the absence of the (100) step related peak.

Regarding the (100) terrace sites, the situation is much more complicated because several
adsorption contributions can be observed between 0.2 and 0.65 V for the Pt(100) electrodes.
However, for a qualitative analysis of the nanoparticles, the characteristic signals coming from (100)
terraces can be observed in the potential range between 0.45 and 0.65 V. Interestingly, those Pt
nanoparticles with a preferential (100) orientation as in the case of the PtNP;. (Figure 5B) as well
as those containing some smaller (100) terraces as in case of the PtNPyy,. (figure 5D), show a
broader “double layer” contribution between 0.45 and 0.65 V reflecting the preferential orientation
of the samples. This feature contrasts with the case of the preferential (111) nanoparticles (PtNPier,)
(figure 5C) which shows a thin “double layer” contribution, in full agreement with the
voltammogram obtained with a Pt (111) single crystal electrode. The presence of this (100)
characteristic voltammetric feature has very important consequences in the determination of the
electroactive surface area in this electrolyte and will be discussed in detail in the following section of
this paper.

Regarding the nature of the species giving rise to the different peaks, it should be stressed that
most of the signals are due to the competitive adsorption/desorption of H/OH and a clear separation

between both processes is not possible. Knowing the adsorbing species on the surface on the
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supporting electrolyte can be very important to understand the electrocatalytic activity of the
nanoparticles, since the presence of the adsorbed species can catalyze/inhibit the electrochemical
process. The measurements of the potential of zero total charge (pztc) can be used to determine the
nature of the adsorbed species at the different potentials for surfaces with a well-defined structure.
For the Pt(111) electrode, the pztc value lies very close to the so called double layer region (0.33 V)
and therefore, the contributions below that potential can be unequivocally assigned to hydrogen
adsorption processes whereas the signals between 0.6 and 0.9 V are due to reversible OH
adsorption.”” Unlike this electrode, the potentials of zero total charge measured for the Pt(100)
electrode and the stepped surfaces with (111) and (100) terraces lay in regions where significant
currents are measured, revealing that currents in these region are due to competitive adsorption
desorption of OH/H. For the Pt(100) and stepped surfaces with (100) terraces, the pztc values are
0.44-0.46 V for the surfaces with long terraces and at 0.39-0.40 V for the surfaces with short
terraces.” In this case, the value matches that of the peak observed in the voltammograms, which
clearly indicates that this peak is due to the competitive adsorption desorption of OH/H. A similar
situation is found for the stepped surfaces with (111) terraces and (110) monoatomic steps, for which
the pztc coincides with that associated to the (110) sites.”

Since the adsorption processes on the nanoparticle are determined by the local environment, that
is, the local pztc of the site/domain, three different potential regions can be defined. Above 0.6 V,
the signal are mainly due to the adsorption of OH on the (111) ordered domains and probably some
incipient oxidation/adsorption of OH of the rest of the sites, and for that reason, this region can be
unequivocally assigned to OH adsorption. Below 0.2 V, all the signals can be assigned to hydrogen
adsorption/desorption processes, since this potential is well below the local pztc of the different sites.
The intermediate region (0.2-0.6 V) should be assigned to the competitive adsorption/desorption
processes of OH on the surface sites. It should be stressed that this situation is clearly observed in
the main peaks.

The results shown up to now clearly indicate that the voltammetric features obtained with different
shape-controlled clean Pt nanoparticles (Fig. 4) perfectly correlate with those obtained with Pt single

crystal electrodes (Fig. 6). In addition, we have found a good correlation between their characteristic
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shapes, estimated by ex-situ TEM measurement, and their preferential surface structures which
points out that the indispensable/required manipulation of the samples from the as-prepared colloidal
suspension to the “cleaned” water suspension, as well as the final electrochemical cleaning step
involving a simple CO adsorption and stripping, does not modify significantly the platinum surface
order of the nanoparticles. This fact contrasts with our previous finding in which we evidenced that
the UV/ozone irradiation cleaning of shape-controlled Pt nanoparticles, remarkably altered their

atomic surface structure, thus significantly modifying their electrocatalytic properties.”’
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Figure 6. Voltammetric profiles of Pt basal planes and different stepped surfaces (A, B and C) and a

polyoriented platinum electrode (D) in 0.1 M NaOH. Scan rate: 50 mV s™.

Determination of the electrochemical active surface area in alkaline media

The determination of the active area of electrocatalysts is essential to, first of all, compare the

performance of the different electrocatalysts and secondly to prove any enhancement in this
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performance. Traditionally, the determination of the active area of platinum has been assessed using
the charge measured under the adsorption states at low potentials (the so-called hydrogen adsorption
region) for an electrode of known active area. Thus, a reference value for the charge density for this
region is obtained and this value can be used to determine the active area of any electrode whose
area cannot be measured directly by physical methods. The first reference values for the charge
density were obtained for electrochemically cycled polycrystalline samples with no preferential
orientation.”> However, these values could not be appropriate for surfaces with preferential
orientations. For instance, surfaces with a large fraction of (111) domains or (100) domains have
contributions from these sites at potentials in which the typical polycrystalline platinum has no
contributions, as can be seen in figure 1. Recently, the reference values for charge density for
platinum electrodes in perchloric and sulfuric acid media have been revisited and reformulated to
take into account the possible presence of preferential orientations.'’ As a brief summary, the charge
density measured for the region between 0.06 and 0.6 V, after subtraction of the apparent double
layer stands for 230 puC cm™ in sulfuric acid solutions whereas in perchloric acid solution the
reference value is 200 uC cm™.

For alkaline solutions, the reported reference value is 145 pC cm™ for the charge measured
between 0.06 and 0.45 V after the subtraction of the apparent double layer, a significantly lower
value than that used in acidic media. In the case of sulfuric or perchloric acid, there is a potential
region in which there are no significant contribution from adsorbed species, so that an apparent
double layer can be easily determined. Moreover, in the case of sulfuric acid solutions, no
contributions are observed between 0.6 and 0.8 V for any single crystal (see figure S4), so that this
region can be used to establish the double layer. For alkaline media, there is no such region where
significant adsorption processes are absent. For instance, the Pt(111) and stepped surfaces with (111)
terraces have a double layer region between 0.45 and 0.6 V. However, large current densities are
observed in this region for the surfaces having (100) terrace domains. These distinct contributions
can be observed for the different nanoparticles (although at a different extent), so that a clear double

layer is not observed. This is especially the case of PtNP.ui. for which the apparent double layer
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between 0.4 and 0.6 V is larger than in the other cases due to the presence in this region of the
adsorption states corresponding to large (100) domains.

In order to determine whether the classical approach was valid for the nanoparticles, the
voltammograms for the different samples were recorded initially in sulfuric acid and then
immediately transferred to 0.1 M NaOH to record a second voltammogram. The area determined in
sulfuric acid is then compared to that estimated in alkaline media by subtracting the apparent double
layer measured between 0.45-0.46 V (the potential at which the minimum current is measured) and
using a reference value of 145 uC cm™. The determined values from alkaline media are significantly
different from those in sulfuric acid, ranging from a -12% difference for the PtNPyi. to an 8% for
the PtNPicira.

These differences clearly arise from the selection of the double layer. For the PtNP i, at 0.45 V the
current has a significant contribution from the (100) sites, so that the active area is underestimated.
On the other hand, the area is overestimated for the (111) nanoparticles, which have the lowest ratio
of (100) sites and lower than the typical polycrystalline sample. These differences mean that the pure
double layer contributions cannot be determined in the samples, and a different approach for
measuring the active area should be used. For the single crystal electrodes, the total voltammetric
charge measured between 0.06 and 0.90 V (without any double layer correction) is very similar for
all the electrodes. It should be stressed that in this potential region, the only processes taking place
are the hydrogen and OH reversible adsorption. The charges in this region range from 350 uC cm™
for the (111) electrode to 410 pC cm™ for several stepped and kinked surfaces. In fact, the charge
values for kinked surfaces have total charge density values between 380 and 400 uC cm™. Due to the
small difference in the total charge for the different stepped and kinked surfaces, this value can be
used tentatively to calculate the active area in alkaline media. Thus, a reference value for the total
charge measured between 0.06 and 0.90 V (without subtraction of double layer) of 390 pC cm™ was
chosen and the areas determined using this method compared to those in sulfuric acid. The
differences between both measurements are always below £1.5%, which is below the typical error in

this determination. Thus, the new method for measuring the active area in NaOH solutions can be
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considered equivalent to that established for sulfuric acid solutions, allowing a direct comparison of
the current densities measured in both media. Table 1 summarizes the electroactive surface area
results obtained. In addition, for sake of comparison, the surface area estimated from the CO
stripping charge in NaOH and using a charge density value of 420 nC cm?, is also included. As it
can be observed, the differences between the areas calculated from the CO stripping charges and
those previously obtained are now much higher mainly due to the difficulties to establish a baseline
correction. In addition, very recently, Chen et al. also concluded that, among various methods, i.e.,
the adsorption/stripping of adsorbed probe species, such as hydrogen (H), copper (Cu), and carbon
monoxide (CO), oxygen and hydroxide (O/ OH), potentiostatic CO/H displacement as well as
double layer capacitance to evaluate the electrochemically active surface areas (ECAs) of platinum
(Pt) foils, chemically deposited Pt thin film, and carbon-supported Pt nanoparticle electrodes, the CO
stripping method was not appropriate for the determination of ECA of rough film nano-Pt with high
dispersion, since adsorbed CO molecules caused a significant annealing effect (more than 20%

decrease in ECAs after four consecutive times of adsorption and stripping).”

NaOH /em?® | HaSO, /em™ Relati\(l; error / COstri/p n _Iz\IaOH Relati\(/)e error /
0 cm Z
PtNPphe 0.726 0.717 +1.3 0.677 -5.5
PtNPybic 0.565 0.570 -0.9 0.555 -2.7
PtNPretra 0.166 0.164 +1.3 0.158 -3.8
PtNPirunc 0.385 0.380 +1.1 0.332 -12.7
Poly Pt 0.195 0.193 +1.0 0.205 +6.4

Table 1. Comparison of the active surface area values obtained for the different shape-controlled Pt

nanoparticles and for a polycrystalline Pt electrode.
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CO stripping at shape-controlled Pt nanoparticles in alkaline medium

CO oxidation on platinum electrodes in alkaline media exhibits some characteristics that clearly
differentiate its behavior from that observed in acidic solutions. In acidic media, essentially a single
stripping peak is observed on the different single crystal surfaces, independently of the symmetry of
the terrace or the presence of steps. On the other hand, CO oxidation on stepped and kinked surfaces
with (111) terraces in alkaline solution give rise to several peaks, associated to the different sites of
the surface. Thus, the CO stripping voltammogram on kinked surfaces with (111) terraces exhibits
three different peaks at 0.59, 0.70 and 0.78 V which corresponds to the oxidation of CO on the (110)

18, 20-22
8.20-22 1t has been

step (kink) sites, on the (100) step (kink) sites and (111) terrace sites, respectively.
proposed that the multiple peaks are due to the low mobility of CO on the (111) terraces.'® ** On the
other hand, only one peak is observed for the stepped surfaces with (100) terraces, which suggests a
faster mobility of CO on that type of domain.*® In this latter case, the presence of steps catalyzes the
oxidation of CO, because the peak shifts towards lower potential values as the step density increases.
For the stepped surfaces with (100) terraces, the peak appears between 0.62-0.67 V. Additionally, a
significant prewave at ca. 0.50 V is observed for all the surfaces, which has been associated to the
oxidation of compressed CO adlayers. '3+

This complex dependence of the CO oxidation behavior in alkaline media on the surface structure
also affects the behavior of the polycrystalline electrode. As shown in figure 7, the CO stripping
voltammogram shows a pre-peak and multiple oxidation peaks, which can be associated to the
different surface sites present on the electrode. Aside from the initial prewave, the broad contribution
from 0.52 to 0.60 V contains multiple peaks not well resolved, as can be recognized from its
irregular shape. These contributions are coming probably from zero and one dimensional domains
(defects, steps and kinks), but owing to the heterogeneous nature of the surface, it cannot be easily
assigned to the different sites on the surface. When compared to the situation observed in acid
solutions, the peak is shifted ca. 100 mV towards lower potentials with respect to that measured in

sulfuric acid solutions, a clear indication of the higher activity for CO oxidation of platinum in this

medium. Also, the two peaks in sulfuric acid solutions are linked to the short- and long-range
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ordered domains of the polycrystalline electrode, as has been determined by the comparison between
stepped surfaces and preferentially polyoriented nanoparticles.*®

When the CO oxidation reaction is studied on the nanoparticles (fig. 8), different behaviors can be
observed for the different nanoparticles. Some of them can be directly related to the observed
behavior of the single crystal electrodes. The behavior of the PtNPg,. is very similar to that observed
for the polycrystalline electrode (figure 7B). A broad contribution between 0.52 and 0.60 V is
observed with the main peak at 0.67 V. The major difference is that the charge for the main peak is
larger in the case of the nanoparticles, probably related to a slightly different distribution of the sites
in the two electrodes. At this respect, the profiles for both hydrogen adsorption in the low potential
range and OH adsorption above this electrode potential are slightly different, which probably affects
CO oxidation. It should be stressed that for this medium no significant agglomeration effects in the
CO stripping peaks have been found. Unlike the observed behavior of the spherical nanoparticles in

acid media

, the CO stripping peak potentials for samples dispersed on carbon in which the
nanoparticles are isolated are almost identical to that reported in figure 7.

For the PtNP. i sample, the expected behavior would be a single peak around 0.62-0.67 V, as
observed for the stepped surfaces with narrow (100) terraces. In fact, this peak is observed at 0.67 V,
which indicates that the mean size of the ordered domains in relatively small.** Additionally, there is
peak at 0.60 V that can be assigned to the presence of zero and one order domains as in the case of
the polycrystalline electrode.

A completely different case is that of the PtNPyy, and PtNPy, electrodes. If the behavior of the
stepped and kinked surfaces with (111) terraces could be directly extrapolated to the PtNPtetra,18 a
significant contribution would be expected at ca. 0.57 V, linked to the presence of (110) defect sites
on (111) terraces and other minor contributions at higher potentials, linked to the (100) defects
(whose peak at 0.4 V in the blank voltammogram is almost absent) and (111) terraces. The
contribution at 0.57 V is present, but the main peak is observed at 0.65 V, which has not been
observed for any stepped or kinked surface with (111) terraces. A very similar situation is observed

for the PtNPgy,. Thus, this additional peak has to be related either to sites present in the

nanoparticles at a significant ratio and absent from stepped and kinked surfaces (edge sites)’’ or to a
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modified reactivity of the nanoparticles with (111) domains. In order to study the role of the defects
and edge sites on the CO oxidation mechanism, submonolayer coverages of bismuth were deposited
on the nanoparticles and CO oxidation was studied on those modified nanoparticles. Bismuth
deposition on stepped surfaces with (111) terraces and tetrahedral nanoparticles is a stepwise process
nanoparticles, in which the deposition takes place initially on the steps and defect sites and only
when these sites have been covered deposition process continues on the terrace.””>® Additionally, Bi
on the (111) terrace shows a characteristic redox peak at 0.625 V>°. Two different Bi coverages on
the nanoparticles have been studied (inset figure 9). In the first one, (110) and (100) defects sites
have been partially covered but no Bi has been yet deposited on the (111) domains. In the second
one, there is already some Bi on the terraces and all the (110) and (100) sites have been covered. The
CO stripping voltammograms in alkaline media for those electrodes are shown in figure 9. Several
changes can be noticed in the stripping voltammograms as compared to that obtained for the
unmodified nanoparticles. First, stripping peaks shift toward positive potentials, in a similar way that
is found in acid media.”” Second, the peak al lower potential completely disappear when all the (110)
sites have been covered, confirming the relationship between these peak and the (110) sites. Third,
the peak at 0.65 V moves toward positive potential values and becomes wider with the additional
appearance of shoulder when (110) and (100) sites have been completely blocked. In this situation,
only (111) ordered domains are not blocked on the surface. As has been already proposed, these
decorated PtNPy, electrodes have relatively wide (111) domains and also isolated sites which could
adsorb solely hydrogen. Since the only observed CO stripping peak in this situation is that at 0.70 V,
which corresponds to that observed at 0.65 V, this peak should be related to the stripping of CO that
was initially adsorbed on the (111) ordered domains. The reason why the reactivity of these domains
is higher than that observed for the (111) terraces is still not clear. In order to understand such
changes in the reactivity, more work is under progress. For the PtNPy,,. electrodes, the situation is
very similar to that described for the PtNPy,. For this sample, the only difference is that the relative

intensities of the different peaks.
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Figure 7. A) Voltammetric profiles of a polycrystalline electrode in 0.1 M NaOH (full line) and 0.5
M H,SO; (dashed line) (scan rate: 50 mV s™) B) CO stripping voltammograms in 0.1 M NaOH (full

line) and 0.5 M H,SO, (dashed line) (scan rate: 20 mV s™)
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Figure 8. CO stripping voltammogram in 0.1 M NaOH for PtNPgphe, PtNPcypic, PtNPira and
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Figure 9. CO stripping voltammogram in 0.1 M NaOH for PtNP,, modified with Bi adatoms. Scan
rate: 20 mV s, Inset: voltammograms corresponding to PtNPy, modified with Bi adatoms in 0.5 M

H>SOj4. Scan rate 50 mV s,
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Conclusions

The analysis of the results in the different media demonstrates that the voltammetric profile of the
platinum nanoparticles in sulfuric acid, perchloric acid and alkaline media can be used as
characterization tool of the surface structure of the nanoparticles. Although the surface structure of
the nanoparticles is always much more complex than that of the platinum single crystal, a good
correlation between the voltammograms and the average shape of the nanoparticles determined by
TEM is obtained. The characteristic peaks can be employed to determine whether the nanoparticles
have been cleaned from the surfactants used during the synthetic procedures. Additionally, for the
nanoparticle characterization and determination of the electrocatalytic activity, it is very important
an accurate determination of the active area of the electrocatalysts. For that reason, a new criterion
for estimating the active surface area of the nanoparticles in alkaline media has been established. For
this media, the total charge measured between 0.06 and 0.90 V (without any double layer correction)
stands for 390 uC cm™. The areas determined with this method are in perfect agreement with those
measured in acidic media. For CO oxidation experiments, it has been found that the edge sites play
a key role in the behavior of the nanoparticles, since the major peak can be ascribed to the oxidation

of CO on these sites.
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Synthesis and cleaning of the Pt nanoparticles

In this work four types of Pt nanoparticles were prepared.
1) Pt nanoparticles with preferential spherical shape (PtNPg,.) were synthesized by
reducing H,PtCls with sodium borohydride using a water-in-oil (w/0) microemulsion of water
(3%) /polyethylene glycol dodecyl ether (BRIJ®30) (16.5%) / n-heptane (80.5%) in a similar
methodology to that previously reported."” The values in brackets represent the volume
percentage of each compound. The synthesis was performed by directly adding NaBHj, to the
micellar solution. The concentration of the H,PtClg in the water phase was 0.1 M and the
concentration of the added sodium borohydride was 1 M. After complete reduction, which
takes place in a few minutes, acetone was added to the solution to cause phase separation.
Afterwards, these Pt NPs were cleaned with successive acetone, acetone-water mixtures and
water washes to finally achieve a water suspension with clean spherical nanoparticles. This
procedure allows cleaning the nanoparticles avoiding electrochemical adsorption of oxygen
and thus preserving the initial surface structure of the nanoparticles. Finally the nanoparticles
were stored in ultra-pure water as a suspension.
i) Pt nanoparticles with preferential cubic shape (PtNPui) were synthesized with a
colloidal method using sodium polyacrylate (PA, Mw = 2100) as a capping agent and K,PtCly
as a metallic precursor (10 M aqueous aged solution).” The ratio of K,PtCly to PA was
(1:5). Then, this colloidal suspension was purged with Ar gas for 20 min and finally bubbled
with Hj gas for 5 min to reduce the Pt precursor. The reaction vessel was then sealed and the
solution was left overnight.
1i1) Pt nanoparticles with preferential octahedral and tetrahedral shape (PtNP,,) were
synthesized by a colloidal method using PA as a capping agent and H,PtCls as a metallic
precursor (10* M aqueous aged solution). *° The ratio of H,PtCls to PA was (1:5). The

suspension pH was adjusted to 7 with 0.1 M HCI solution. Then, this colloidal suspension was



purged with Ar gas for 5 min and finally bubbled with H, gas for 1 min to reduce the Pt
precursor. The reaction vessel was then sealed and the solution was left overnight.

1v) Pt nanoparticles with preferential truncated octahedral and tetrahedral (PtNPy,.)
shape were synthesized by a colloidal method using PA as a capping agent and H,PtClg as a
metallic precursor (10 M aqueous aged solution). > The ratio of H,PtCls to PA was (1:5).
The suspension pH was adjusted to 7 with 0.1 M HCI solution. Then, this colloidal suspension
was purged with Ar gas for 10 min and finally bubbled with H, gas for 5 min to reduce the Pt

precursor. The reaction vessel was then sealed and the solution was left overnight.

Table 1. Crystallographic description of the platinum single crystal electrodes used in this

work
zone Miller indices Terrace-step
notation
o] | PALLD 6(100) x (111)
Pt(755) 6(111) x (100)
Pt(544) 9(111) x (100)
[170] Pt(554) 10(111) x (110)
PY(775) 7(111) x (110)
[001] | Pt(610) 6(100)x(110)

Table 2. Percentage of (111) and (100) terrace sites on the different samples measured with

. 2,6 . 2,8,9 .
bismuth®® 7 and germanium® *° adsorption procedures

(111) sites / % (100) sites / %
PtNP,hne 6 14
PtNPcubic 11 52
PtNPietra 42 3
PtNPrunc 33 17




Figure S1. Representative TEM images of the (A) PtNPgphe, (B) PtNPcupic, (C) PtNPieyra and

(D) PtNPyync used in the present paper.



Figure S2. Representative HRTEM images of the (A) PtNPgphe, (B) PtNPcuwic, (C) and (D)

PtNPyera and (E) PtNPync used in the present paper.
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Figure S3. Particle size histograms of the different shape controlled Pt nanoparticles used in

the present paper.



E/V vs RHE

0.6 0.8

0.4

0.2

0.0

——Pt(111)

Pt(554)
— Pt(544)

——— Pt(100)
Pt(11,1,1)

| —— Pt(110) |

L
\ — Pt poly \

s ....................... ’ ..... V|
B KKK IAIRK A ILRRREXK QR RRIILIKKKIEK D
=¥ on% 0000000000 ._wnononon%%onnoooona KRR noo nonon nonooo nononon KRR nononononoo ST
= & CERIIRHRIRIKIKIKKS .oo.oowow RS .0.0 I .%.%%%%%% &L
1 A%« | 3
.m 55!//////// m
= // m
S| N\ ,h
o N\ S RN
T N ﬁ //
p— » R — e : - . e e — -
g _
AN »ff/////// »f//// I
S
- N N
“ -~ N -~ N g -~ N DN N DN -
| | |
o oo o o o
S S S S 3
(q\] (q\] ~ ~
Jwo g /[ Loy

0.8

0.6

0.4
E/V vs RHE

0.2

0.0

Figure S$4. Voltammetric profiles of Pt basal planes and different stepped surfaces (A, B and
C) and a polyoriented platinum electrode (D). Test solution 0.5 M H;SO4. Scan rate: 50 mV
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