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Abstract Here we investigate the electrochemical behavior
of Pd/C synthesized by reduction with ethylene glycol in the
presence of polyvinylpyrrolidone (EG-PVP). EG-PVP pro-
duces nanoparticles (NPs) with a narrow size distribution,
but some of them remain covered by impurities after the
synthesis. After successive voltammetric cycles, NPs become
cleaner, but some agglomeration and structural modification
occur; these effects affect the electrochemical behavior of Pd/
C in different ways, so we used CO as a probe to better
understand the processes taking place. CO stripping shows
that the general features of the multiple oxidation peaks
change with the number of cycles. Possibly, CO and OH from
different NPs react when the particles agglomerate, contribut-
ing to CO stripping changes. Finally, different active areas are
found when the charges involved in CO oxidation and PdO
reduction are compared. Such differences are rationalized in
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terms of a balance between the increase of sites which pro-
mote the oxidation of CO and the loss of area provoked by the
growing of the particles.

Keywords Palladium nanoparticles - PVP - Cleaning
process - Agglomeration of nanoparticles - Active surface
area - CO probe

Introduction

Fuel cells fed with H, are an outstanding energetic alternative
to the production of energy from fossil fuels. In this sense, Pt-
based materials have been extensively studied as possible
electrocatalysts in low-temperature fuel cells, especially for
the electrooxidation of hydrogen. However, obtaining pure H,
from electrolysis of water is an expensive process, and the
production of H, from hydrocarbons catalytic reform gener-
ates impurities, particularly CO, which can strongly bind to
the surface of the catalyst and compromise the performance of
the fuel cell [1]. Due to these issues (and others, like the costs
of Pt-based catalysts), researchers have been dedicated to
develop Pd-based catalysts tolerant to the presence of CO [2,
3]. In this sense, it is well-known that experimental conditions
adopted during the synthesis of a catalyst strongly influence
its activity [2, 3].

The use of polyvinylpyrrolidone (PVP) combined with the
chemical reduction method induced by polyols was firstly
developed by Chen and Xing for the synthesis of platinum
nanoparticles (NPs) and since then it has been widely used [4].
This simple method of synthesis combines reproducibility,
quickness, and generates well dispersed NPs over different
kinds of carbon substrates with a relative narrow size distri-
bution [5-7]. However, aside from the difficulty of under-
standing the behavior of NPs, this method adds other complex
variable, the PVP. In this regard, recent papers reported the
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interaction of PVP and other surfactants with the surface of
NPs [8—10] and its influence on the electrocatalytic activity of
these materials [11, 12]. Tremiliosi-Filho et al. investigated the
electrochemical behavior of PVP on polycrystalline Pt and Pt
single crystals [11]. They showed that PVP hampered the
characteristic hydrogen UPD and anion adsorption on all
investigated surfaces [11]. Stamenkovic et al. showed that
NPs with surfactants cannot be directly used as catalysts [8].
They studied the effect of surfactant removal on the electro-
catalytic performance of Pt NPs prepared by organic synthesis
[8]. Among the methods studied, low-temperature thermal
annealing in air was found to be the most effective for cleaning
of the surface without inducing changes in the particle size or
in the morphology of the NPs [8]. Gong et al. used stripping of
CO as a possible method to remove PVP from the surface of
nanoparticles [10].

In this context, a complicating factor is that ethylene glycol
(EQG), the alcohol commonly used for the reduction step,
produces glycolate, which in turn plays the role of a surfactant
covering the metal surface [13]. Hence, one important attempt
to minimize the side effects caused by the presence of these
inevitable synthesis impurities is the development of electro-
chemical protocols to clean the surface of NPs [14, 15] previ-
ous to its use as catalysts in fuel cells (since potential cycling is
not applicable to fuel cells).

Nevertheless, the potential cycling of the NPs might be
accompanied by other processes which can cause important
changes in their electrochemical behavior [15], namely (a)
loss of mass due to the oxidation of the NPs during a cyclic
voltammogram, (b) Ostwald ripening: the oxidation of NPs
leads to the production of ions which redeposit rather over
larger NPs [16], (c) a possible structural reorganization of the
surface of NPs due to the exit of the surfactant, and (d) NPs
can be detached from the substrate during application of
potential cycling [17].

In this context, CO appears as a useful probe molecule in
characterization studies once its electrooxidation is very sen-
sitive to the characteristics of the surface. For instance,
Savinova et al. ascribe the multiplicity of oxidation peaks
observed during the stripping of a CO monolayer on Pt to
the existence of NPs with several sizes and shapes [18, 19].
Furthermore, other works showed that the CO
electrooxidation is anticipated (i.e., the corresponding oxida-
tion peaks are observed at lower potentials) as NPs agglom-
erate [20-22]. In addition, studies with Pt NPs showed that for
those of ~1-2 nm of diameter, CO is mostly adsorbed in an
on-top configuration, but with the increase of the NP size, the
fraction of bridge-bonded CO grows [23, 24].

These extensive series of data make clear that the intrinsic
catalytic activity of a surface can only be accessed if the
superficial and morphological parameters are taken into ac-
count and followed during the acquisition of electrochemical
data. In this context, herein we investigate the effect of
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potential cycling in alkaline media on Pd/C nanoparticles
synthetized by polyol method using PVP and how eventual
changes affect the electrooxidation of CO. In order to achieve
that, we submit the catalyst to successive voltammetric cycles
to obtain clean NPs while we followed its electrochemical
behavior. We also monitored the electrochemically active
surface area (EASA) by two methods commonly used in
electrocatalysis and discussed the changes observed in terms
of surface cleaning and agglomeration of the nanoparticles.

Experimental

Solutions were prepared using ethylene glycol (Vetec), poly-
vinylpyrrolidone (40,000 g mol ', Sigma Aldrich), PdCl,
(Sigma Aldrich), and 2-propanol (Sigma Aldrich). For the
experiments, we used NaOH (Sigma Aldrich) 0.1 mol L'
prepared with Milli-Q® water (18.2 M2 cm). The solutions
were purged with N, (99.99 % of purity) before and during the
electrochemical experiments.

Pd/C Nanoparticles

The synthesis of NPs dispersed on carbon Vulcan XC72® was
made as described elsewhere [4], with slight differences. An
aqueous dispersion containing 2 mmol L™" of PdCl,, carbon
Vulcan® XC-72R, and PVP was mixed to a solution contain-
ing ethylene glycol/water 3:1 (v/v) and heated under 150 °C
for 2 h. The PVP/metal molar ratio was set to 0.3, and the
amount of palladium was calculated to obtain a metal load of
20 % (w/w) in the catalyst. Afterward, this dispersion was
washed with water and centrifuged at 4,500 rpm for 1 h. The
process was repeated five times, and the remaining dispersion
was finally dried under 60 °C for 24 h. For preparing the
working electrodes, Pd/C was deposited on a polycrystalline
gold disk (polished to a mirror finish) as follows: An ink was
prepared by mixing 1 mg of the Pd/C powder dispersed in
2 mL of 2-propanol and 50 uL Nafion® 5 % (vv), followed by
sonication for 30 min. Meanwhile the gold disk (0.79 cm? of
geometric area) was kept at 50+2 °C. Then, an aliquot of
200 pL from the dispersion and 50 pL of diluted Nafion®
solution (1 mL of Nafion® 5 %:20 mL of 2-propanol) was
dripped over the disk. Before each experiment, the electrode
was rinsed with water jets in order to pull out those particles
not well adhered to the surface.

Electrochemical Experiments

The experiments were performed in a three-electrode cell in
NaOH 0.1 mol L™". A Pt plate was used as counter electrode,
and all the potentials were measured against a Hg/HgO elec-
trode but are presented with respect to the reversible hydrogen
electrode (RHE) scale.
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The electrooxidation of CO was carried out at 0.02 V s

before potential cycling and after 10, 20, 50, 100, 200, and
500 consecutive cycles between 0.1 and 1.5 V vs. RHE. The
cyclic voltammograms in the absence of CO were obtained at
0.1 Vs ! in the same potential range.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) analyses were
performed in fresh and after cycled Pd/C catalysts. These
experiments were carried out in a CM 200 Philips transmis-
sion electron microscope, which operates with a LaB4 emis-
sion gun. The microscope is equipped with an ultratwin ob-
jective lens, and it was operated at 200 keV.

X-ray Diffraction Patterns

The diffractograms of the fresh powder were recorded in a
Bruker D8 powder diffractometer equipped with a monochro-
matic Cu Ka X-ray source and an internal standard of silicon
powder. The diffractometer is also equipped with a Gobel
mirror in the incident beam and a parallel-slits analyzer in
the diffracted beam. Diffraction data were collected by step
scanning with a step size of 0.02° in the range of 5-90°, with
an interval of 2 s between steps.

Results and Discussion
Physical Characterization
X-ray diffraction pattern of Pd/C is shown in Fig. 1. The X-ray

spectrum shows a peak corresponding to the Vulcan XC72®
and Pd nanoparticles. The (002) reflection peak confirms the
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Fig. 1 X-ray diffraction spectrum for carbon supported palladium NPs

presence of graphitic planes in the structure of the carbon
support. All the other peaks refer to palladium NPs. By
applying the Bragg equation to the (220) reflection peak, we
estimated the Pd lattice parameter as 0.389 nm. This value is
in reasonable agreement with that reported by Jaeger et al.
[25]. The broadening of the peaks is mainly due to the small
particles size. We estimated the average size of the crystallites
(6.2 nm) by applying the Scherrer equation to all the reflection
peaks. The result is consistent with the value of the particle
size for the fresh catalyst obtained from TEM images for the
same sample.

Electrochemical Cleaning of Pd/C Nanoparticles

The fresh Pd/C nanoparticle catalyst (Pd/C-0) was character-
ized by TEM and HRTEM (Fig. 2a, b, respectively). The
images show well-dispersed NPs, although there are points
of agglomeration (Fig. 2a). HRTEM results (Fig. 2b) show
that NPs do not present a uniform shape, although most of
them are nearly spherical.

For Pd/C-0, a mean diameter of 5.3+1.9 nm was deter-
mined by measuring 200 NPs using the software Axio Vision
SE64 Rel.4.8. The corresponding histograms and their de-
scription (including major details of Fig. 2) will be resumed
later in the text.

As described in the experimental section, Pd/C NPs were
submitted to successive voltammetric cycles. Representative
voltammograms of the Pd/C profile in NaOH 0.1 mol L ™" are
shown in Fig. 3. The peaks associated with the
electrodesorption of H atoms on palladium surface are present
as two small shoulders at ~0.4 and 0.53 V (Fig. 3, black line).
During the reverse sweep, the palladium oxide begins to be
reduced at ~0.84 V, peaking at 0.52 V. In a general way, the
profile is similar to the one described by Bolzan for bulk
palladium electrodes, including the slightly negative current
at low potentials [26]. As the catalyst is cycled, the peak
related to desorption of H displaces toward more positive
potentials and currents at ~1.3 V, commonly associated to
the formation of PdO, decrease. At the initial stage, part of
the oxidation charge observed at high potentials is probably
caused by the oxidation of synthesis residues [13]. These
currents decrease in function of the potential cycling, due to
the cleaning process [15]. On the other hand, PdO reduction
peak centered at ~0.5 V increases up to a maximum and
decreases posteriorly. The peaks of formation and reduction
of PdO display different behavior; the obvious reason is that
the impurities removed from surface are not reduced during
the reverse scan. However, the impurity removal increases the
amount of active sites available to form surface oxides, which
explain the increase of the PdO reduction peak. Further details
about the PdO reduction peak and the potential shift of the H
region will be seen throughout the text.
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Fig.2 Micrographs of TEM (lef?)
and HRTEM (right) for Pd/C-0 (a,
b), Pd/C-50 (¢, d), and Pd/C-500
(e

In this scenario, the electrochemical stability of NPs as a
catalyst to fuel cells can be evaluated by monitoring the EASA
[27]. The reduction of EASA under applied potentials is a
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Potential/ V vs. RHE
Fig. 3 Illustrative cyclic voltammograms recorded in the presence of
NaOH 0.1 mol L™ on Pd/C nanoparticle. v=0.1 V s™'. The number of
cycles is indicated in the figure
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diagnostic criterion of instability, as demonstrated by Strasser
et al. in a series of recent papers [27-29].

As an attempt to understand how the multiple processes
(described in [15, 17, 30, 31]) taking place during the potential
cycling might affect the assessment to the surface of the
catalyst, we estimated the EASA by using the charge involved
in the reduction of a PAO monolayer (from now on EASA-
PdO) as 420 uC cm 2 [32]. The EASA-PAO was calculated
after some representative cycles and normalized by the first
area, EASA-PdO°. Each normalized area corresponds to a dot
in Fig. 4. Initially, the area of Pd/C (full symbols) abruptly
increases up to the 80th cycle and then decays slightly until the
500th. The initial increase of area is probably associated to a
cleaning process as observed in the voltammograms of Fig. 3.
It is possible that some impurities (remanents from the syn-
thesis) leave the surface during a particular cycle. Hence,
those sites released become available to adsorb OH  and to
form PdO in the next cycle, leading to an increase of EASA-
PdO. However, this process does not explain why the area
decreases after the 80th cycle. The contribution of oxidation/
dilution of Pd to the decrease of EASA-PdO cannot be ig-
nored, but such diminution has a massive contribution of the
agglomeration of particles which provokes an increase of their
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average size (this phenomenon will be discussed later). Here is
interesting to note that even using a different method of
synthesis and a different catalyst, our results are qualitatively
similar to those found by Strasser et al. [27]. These authors
submit a Pt/C catalyst to 10,000 cycles up to 1.2 V and
observed that the EASA increases until 200 cycles and then
decays by a factor of 50 % after that [27]. In the present case,
the EASA increasing is more pronounced than the corre-
sponding lost (30 % vs. 14 %), but this is mainly explained
by the lower number of cycles and due to the different NPs
investigated in our study compared with that of Strasser et al.
[27]. Figure 4 shows that there is no stabilization of the
EASA-PdO values after the penultimate point, which indi-
cates that probably EASA-PdO would keep decreasing if we
performed more cycles.

In an attempt to eliminate eventual influence of the pres-
ence of PVP and glycolate, we manufactured a Pd electrode-
posit on a gold disk. The conditions to obtain the Pd electro-
deposit can be consulted elsewhere [33]. The electrodeposit
was also submitted to 500 voltammetric cycles under the same
conditions already described (Fig. 4, open stars). A small
increase of the EASA-PdO is observed during the initial
cycles, but it is far less evident than for the Pd/C. In general,
the EASA-PdO decreases. Furthermore, the results of Pd
electrodeposited agree with those previously observed by
Tsuru et al. for Pt, who performed 300 cycles up to 1.4 V with
electrodeposited Pt nanoparticles and observed a monotonous
decay of the EASA [34]. Thereby, it seems clear that the
impurities on Pd/C influence the behavior of the EASA-PdO.

The Effect of the Potential Cycling on CO Electrooxidation

We also investigated the electrooxidation of CO on Pd/C NPs
by performing stripping of CO before the potential cycling
and after 10, 20, 50, 100, 300, and 500 cycles (as shown the
normalized curves in Fig. 5). The voltammogram after the CO
electrooxidation reaction (COEOR) follows the trend shown
in Fig. 3. On the fresh catalyst (black line), COEOR occurs in
multiple steps. At ~0.47 V, a small shoulder can be discrim-
inated (peak 1), followed by a more intense feature at 0.69 V
(peak 2) and by a main oxidation peak at 0.82 V (peak 3).
After 100 cycles, peak 3 diminishes while peak 2 becomes
more pronounced and shifts to higher potentials (blue line in
Fig. 5). After 500 cycles (magenta line), the potential of peak 3
slight decreases (~0.81 V), and the current for CO
electrooxidation reaches their minimum values. At the same
time, peak 2 becomes more and more accentuated, and peak 1
develops at ~0.53 V.

In this context, Feliu et al. investigated the effect of Pt NPs
aggregation on CO electrooxidation and concluded that the
proximity of the NPs increases the probability of the reaction
among Pt(CO,q) and Pt(OH,4) species from different NPs
[22]. According to these authors, such reaction occurs at
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Fig.4 Electrochemically active surface area (E4SA) divided by the initial
area for Pd/C (spheres) and Pd electrodeposited (stzars) obtained by the
charge of reduction of a PdAO monolayer

relative low potentials and provokes the appearing of pre-
peaks during CO electrooxidation [22]. Mayrhofer et al. in-
vestigated the influence of the particles size on the kinetics of
COEOR [35]. These authors found that the onset potential of
CO oxidation is barely dependent of the particle size; howev-
er, a huge increment of the NPs size (5 to 30 nm, at that study)
displaces the onset potential toward significantly more nega-
tive values [35]. To explain our results, we also need to
consider the adsorption of oxygenated groups on the edge-
corner sites, which is stronger than on terraces over the surface
[36, 37]. Therefore, the oxidation pre-peak can also be related
to a reaction involving catalytically active OH formed on

fresh

after 10
cycles

Normalized Current

|after 50
" |eycles

after 100
cycles

after 500
cycles

0.4 06 08 1.0 12
Potential/ V vs RHE

Fig. 5 Details of the anodic curves obtained during the CO
electrooxidation on Pd/C NPs in NaOH 0.1 mol L™ and at 0.02 V s
The same catalyst was submitted to different cycles, indicated in the figure
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defect sites and Pd-CO species on the surroundings of the
edge, whereas the subsequent CO species diffuse toward the
edge, which increase the overpotential for that reaction [38].

Apparently, agglomeration and morphology change effects
can be used to explain our own results. Therefore, in the
foregoing discussion, the results observed until now can be
rationalized as a combination of an increasing availability of
Pd sites (caused by a successive cleaning of the surface) and
an agglomeration of the NPs with the potential cycling, which
facilitates the reaction of CO with OH.

In order to confirm the agglomeration of Pd NPs, we
performed TEM and HRTEM measurements to investigate
three critical stages of the EASA-PdO curve seen in Fig. 4
(spheres): fresh catalyst (Pd/C-0), after 50 cycles (Pd/C-50),
and after 500 cycles (Pd/C-500). Here we invoke Fig. 2 again
to compare the average sizes and morphologies of Pd/C as a
function of the potential cycling. The increase of the dark
areas indicates some agglomeration of the NPs, as shown by
Pd/C-50 and Pd/C-500 (Fig. 2¢ and e, respectively). Figure 2¢
was specially selected to show that despite the agglomeration,
there are regions of the catalyst in which the NPs remain
isolated. After the 50th cycle, an important collection of NPs
seems to coalesce, and several pairs and groups of NPs join to
create elliptical and shapeless NPs as those seen in Fig. 2d.
After 500 cycles, the aggregation intensifies (Fig. 2f). Addi-
tional high-resolution micrographs of cycled NPs can be
consulted in the supplementary information (Fig. S1). We
can understand the agglomeration as a sum of two main
effects: (a) migration and coalescence of Pd onto other NPs
or onto a carbon defect and (b) diffusion of dissolved Pd
followed by redeposition/reduction onto large NPs. These
phenomena were previously investigated for Pt/C NPs [39]
and confirmed by identical location transmission electron
microscopy [17].

Aside from agglomeration, the successive cycles seems to
provoke important changes in the morphology of the Pd NPs.
Some small NPs might apparently reorganize by migration
over the support and/or by Ostwald ripening to form larger
polygonal NPs, as shown by the HRTEM image obtained after
500 cycles (Fig. 6). Some NPs also might suffer changes on
the crystal lattice [40]. Both factors (agglomeration + reorga-
nization) may contribute to changes in the electrochemical
behavior in the absence and presence of CO, illustrated by
Figs. 3 and 5, respectively. In function of the few number of
NPs with the shape strongly modified (as shown in Fig. 6), we
considered that the aggregation is the main responsible for the
electrochemical behavior changes at the number of potential
cycles studied.

This agglomeration, firstly reported here for Pd/C, in-
creases the mean diameter of the NPs, as shown in the histo-
grams of Fig. 7. A similar behavior was reported for Pt/C by
Léger et al. [41]. The average diameters of Pd/C-0, Pd/C-50,
and Pd/C-500 were 5.3+1.9, 9.24+2.8, and 11.6+3.6 nm,
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Fig. 6 Detail of a polygonal palladium nanoparticle. HRTEM image
obtained after 500 voltammetric cycles

respectively. However, not all the particles experience ag-
glomeration (as illustrated in Fig. 2¢). Some NPs retain their
original size, which led to an amplification of the distribution
size, seen by the increase of the standard deviation and ac-
cordingly a broadening of the Gaussian curve (Fig. 7). The
distribution ranges are 2—8.5 nm for Pd/C-0 and 5-23 nm for
Pd/C-500. Therefore, the cycling procedure seems to promote
the oxidation (or detachment) of PVP and impurities from Pd/
C surface, then exposing nanoparticles, which, in turn, be-
come suitable for agglomeration. The observed particle size
increase is in line with the results of Fig. 5 and with the work
of Mayrhofer et al. [35]. Namely, it does not seem enough for
anegative onset potential shift of the main CO oxidation peak,
but contributes to define the pre-peaks.

Based on our observations and results from literature for
similar systems cited in this work, we can now suggest a
relation between the complex behavior of CO stripping peaks
and the Pd NPs surface structure:

1. Peak 3 seems to be mainly related to the electrooxidation
of CO on isolated and small NPs. Such oxidation peak is a
consequence of the reaction between CO,q and OH,4 on
the same NPs. This peak decreases as the nanoparticles
agglomerate.

2. Conversely, peaks 1 and 2 show an opposite behavior:
They grow as the NPs become cleaner, structurally mod-
ified, and agglomerated with the cycles. Therefore, these
peaks seem to refer to reaction on larger NPs with a
contribution of reactions among species on different NPs
due to the agglomeration.

Additionally, we advertise the community about the impli-
cations of the use of the stripping of CO (EASA-CO) as a
method to normalize the currents observed during electro-
chemical protocols, especially those ones obtained by
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Fig. 7 Histograms obtained for A Pd/C-0, B Pd/C-50, and C Pd/C-500.
Data extracted from TEM images like those ones shown in Fig. 2

synthetic routes that use surfactants and polymers (as in the
present case). The next section is devoted to this issue.

Using Stripping of CO to Determine the Electrochemically
Active Surface Area of NPs Synthetized by EG-PVP

The procedure of normalizing currents is mandatory in
electrocatalysis, since it allows that different surfaces can be
directly compared, providing a good guide to the determina-
tion of the intrinsic capability of a surface to catalyze a given
reaction. Nevertheless, there is not a universal standardized
method, and this choice is driven by the characteristics that the
researchers intend to highlight. In fuel cell studies, it is usual
to normalize the currents by the mass of the main catalyst [42].
For Pt-based catalysts, the EASA is usually estimated by the
charge involved in the H desorption region [43, 44], while for
Pd-based electrodes it is calculated from the charge involved
in the reduction of the oxide monolayer [45]. However, it is
consensual that the metal lattice parameter suffers drastic
modifications when a foreign element is inserted inside its
structure [46]. Hence, the charges involved in the electro-
chemical processes also change. In this context, it is consen-
sual that the stripping of CO is a suitable method to normalize
currents, mainly on surfaces that present a combination of
metals [2]. In a recent study, van der Vliet et al. stated that
the estimative of H,,,q charge has to be compared to the charge
of CO stripping in attempt to avoid neglecting the EASA of
skin-type alloy catalysts [47].

Therefore, in the previous sections, we showed how the
potential cycling might influence the electrooxidation of CO.

Additionally, we follow the EASA-CO in function of the
number of voltammetric cycles (open triangles in Fig. 8),
and we observe a similar behavior to that one presented by
EASA-PdO (Fig. 4). Then, we compare the EASA-CO with
EASA-PdO obtained at the same cycle, as shown in Fig. 8.
Initially, the values are of 9.1 and 7.2 cm? for EASA-PAO and
EASA-CO, respectively. Moreover, EASA-CO increases up
to the 50th cycle and then diminishes, whereas EASA-PdO
(spheres in Fig. 8) decays continuously. Both methods furnish
similar values for EASA between the 20th and the 50th cycles.

The behavior of EASA-PAO in Fig. 4 is quite distinct from
the EASA-PdO in Fig. 8 (alternated CO stripping between
cycles). Namely, EASA-PdO in Fig. 4 passes by a maximum
while EASA-PdO in Fig. 8 decreases monotonously. Accord-
ing to Gong et al., the behavior of EASA-PdO in Fig. § can be
understood in terms of a faster removal of PVP caused by the
electrooxidation of CO [10]. Hence, CO, desorbs from the
surface carrying important amounts of PVP and anticipates the
cleaning process; on the other hand, in the absence of CO
(Fig. 4), this cleanness requires more cycles to occur.

Now, if we assume that the cleaning of the surface is faster
in the presence of CO, the remaining task is to explain why the
values of EASA-CO and EASA-PdO are so different from the
first to the 100th cycle. Concerning the electrooxidation of
CO, it seems plausible that during the continuous process of
agglomeration there is a balance between the gain of active
sites able to promote the oxidation of CO over different NPs
and the loss of area provoked by the growing of the particles.
Hence, the apparent area seems to increase because more CO
is oxidized, even that the surface able to the reaction is
becoming smaller. Eventually, the decreasing of area prevails
and we see an inflection point for the EASA-CO in Fig. 8
(around the 100th cycle). From this point onward, both the
values of EASA become increasingly similar. On the other

T T T T T T

—A—EASA-CO
—a— EASA-PdO

1

EASA/ cm®

1 1 1 1 1
0 100 200 300 400 500
Number of cycles

Fig. 8 Comparison of the electrochemically active surface area of Pd/C
nanoparticles calculated from the charge involved in the stripping of CO
(open triangles) and the reduction of the PdO (spheres)
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hand, the reduction of PdO is not fostered by the agglomera-
tion of nanoparticles because in that case there is no need of a
reaction partner in the neighborhood (i.e., on surrounding
particles). Consequently, the only apparent effect is the de-
crease of the area available for the reduction of PdO.

Finally, it is important to highlight that the choice of a
particular method to normalize the electroactive area of a
catalyst must obey to a judicious protocol, which means that
when a method is used, the normalized current must refer to
the same surface condition. In this context, our results dem-
onstrate that the presence of impurities on the surface of
nanoparticles could be an explanation for contradictory results
usually found in the literature for similar systems.

Conclusions

—  Pd/C nanoparticles obtained by EG-PVP method contain
impurities on surface, which can be removed by cycling
the potential. However, this cleaning is accompanied by
agglomeration and structural modifications of the nano-
particles, which changes the electrochemical behavior of
the catalyst.

—  When a Pd electrodeposit is submitted to the same con-
ditions adopted for Pt/C, only a small increase of area is
perceived during the first cycles, followed by a decrease
of EASA. These observations reinforce our hypothesis
that the impurities present on Pd/C influence the behavior
of the EASA-PdO.

—  The general features of the multiple CO electrooxidation
peaks continuously change after successive voltammetric
cycles. Results are rationalized in terms of the occurrence
of interparticle reactions when the particles agglomerate,
which favors the reaction of CO and OH from different
NPs in addition to reaction on the same NPs, however
involving a possibly crystalline and defect modified
surface.

—  The size and morphology changes of Pd/C NPs during the
potential cycling modified the CO electrooxidation reac-
tion. This evidence probably might be extended to more
complex reaction, as methanol and ethanol
electrooxidation taking place on Pd-alloy catalysts.

—  The initial active surface areas for Pd/C fresh catalysts are
quite different from those obtained after several
voltammetric cycles, regardless they were obtained by
stripping of CO or by the charge involved in the reduction
of PdO. Such discrepancies indicate a continuous
change of the electrochemically active surface area
as the voltammetric cycles are performed. Conse-
quently, the use of the active area for purposes of
normalization of the currents must be conducted in
a particular superficial condition.
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— Data concerning the determination of the electrochemi-
cally active surface area obtained for Pd/C show different
values when the charges involved in CO oxidation and
PdO reduction are compared, especially when the parti-
cles are still recovered (i.e., at the beginning of the cycling
protocol). Such differences are rationalized in terms of a
balance between the increase of sites which promote the
CO oxidation and the loss of area provoked by the grow-
ing of the particles.
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