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The effect of the nanostructure of electrodeposited palladium mesoparticles on the oxygen electroreduction
reaction (oerr) in acid media is studied by electrochemical techniques combined with scanning tunneling
microscopy, tapping-mode atomic force microscopy, and scanning electron microscopy. Palladium mesoparticles
supported on highly oriented pyrolytic graphite (HOPG) exhibit a remarkable electrocatalytic enhancement,
i.e., a decrease in the cathodic overvoltage on the order of 0.25 V, as compared to polycrystalline palladium
electrodes. For a similar particle size, the largest electrocatalytic activity is obtained by use of quasi-two-
dimensional (2D) ramified palladium particles and electrodeposited palladium charges exceeding 3 mC cm™2.
For these particles, experimental results show that the electrocatalytic enhancement of the oerr can be related
to the combined influence of the nanostructure of 2D branching on the HOPG and traces of oxygen-containing
adsorbates that induces local perturbation of electronic states at palladium mesoparticles. The 2D nature of
surfaces increases markedly the reversibility of the first two-electron-transfer step of the oerr.

1. Introduction

Metal nano/mesoparticles are of interest due to their unique
physical, chemical, and electrochemical properties, making them
of importance in many technical applications. Noble metal
islands at the nanometer to micrometer range have been
produced on different substrates to be used in heterogeneous
catalysis and electrocatalysis. These materials have attracted
great interest due to their potential applicability in relation to
fundamental aspects of electrochemistry! and to many reactions
of both industrial and environmental importance.?™

In recent years a great effort has been made to attain a
predictive understanding of the relationship between the shape
and structure of metal particles of low dimensionality and their
catalytic activity. Significant progress in this direction has been
made showing that the high activity requires a minimum metal
particle size that should be compatible with bulk physicochem-
ical properties of metal nano/mesoparticles. The latter also
depends to a large extent on the large area/volume atomic ratio
of these particles as compared to bulk metals. In contrast to
this progress, the fabrication of metal nano/mesoparticles still
remains rather empirical because some fundamental aspects of
those processes yielding particles with preselected dimensional-
ity, shape, and size at the nanometer scale are not fully
dominated.

Metal nano/mesoparticles can be prepared by different
techniques such as vapor deposition, ultrahigh vapor deposition,
chemical vapor deposition, electroless deposition, chemical
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impregnation methods, lithographic methods, homogeneous
reactions in solution and electrodeposition. In principle, metal
electrodeposition appears to be a promising choice for producing
nano/mesoparticles because the experimental variables that
determine the growth mode, at least on well-defined substrates,
are rather easy to control. For instance, in metal electrodepo-
sition, by adjusting the operation variables adequately, it is
possible to modify the kinetics of the electrochemical reactions
from surface- to a mass transport-controlled kinetics. Accord-
ingly, the production of metal nano/mesoparticles by elec-
trodeposition on well-defined conducting substrates offers the
possibility of investigating the influence of operating variables
on dimensionality, particle size, and structure. The catalytic
properties of these particles can be determined by conventional
elecrocatalytic test reactions.

Carbon-supported palladium catalysts are utilized in a number
of heterogeneous chemical hydrogenation and oxidation reac-
tions, electrocatalytic reactions, and, due to their increased
sensitivity, also for electroanalytical reactions.® The sorptive and
catalytic properties of palladium electrodeposits on platinum,
as well as the composition of a-phase palladium hydride on
platinum and carbon, depend on the electrodeposition potential 0~%
particularly when the phase growth is accompanied by deep
hydrogenation of palladium.® The scale-dependent structure and
surface properties of palladium particles grown on a variety of
substrates are related to the growth mode of the deposit.
Therefore, it is interesting to establish the optimal range of
electrodeposition potential (E4) and electrolysis time (#g) as-
sociated with certain characteristics of palladium meso/nano-
structures of interest for applications in optics, catalysis, and
electrocatalysis.

Palladium-modified carbon electrodes can be prepared by
different techniques, namely, by soaking the substrate into
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palladium ion-containing solutions followed by adequate baking
to reduce palladium compound to palladium; by vapor-phase
palladium deposition, and by electrodeposition from a palladium
plating solution onto different conducting substrates.'? Recently,
we described a potentiostatic method to produce palladium
mesoislands of different geometry on highly oriented pyrolytic
graphite (HOPG) by electrodeposition from aqueous palladium
plating acid solutions.'!2 These palladium islands, either quasi-
cylindrical (type I) or branched (type II), can be easily obtained,
their size depending on the electrodeposition charge (¢q) and
their shape being determined by selecting the potential window
from the cathodic polarization curve. These palladium mesois-
lands exhibited an electrocatalytic enhancement for both the
complete electro-oxidation of hydrazine and the hydrogen
adsorption/desorption processes. For these reactions palladium
islands of type Il were the most effective ones.

The oxygen electroreduction reaction (oerr) in aqueous
environments is one of the most important processes in nature,
covering from biological systems to technical applications such
as metal corrosion and fuel cell technology.!? In acid solution,
the overall oxygen electrode reaction is represented by

0,(g) + 4H(aq) + 4e~ = 4H,0 (1)

Reaction 1 on noble metal electrodes is a complex reaction with
a relatively high cathodic overvoltage. An important task in
electrocatalysis is to discover new materials and electrode
designs for diminishing the cathodic overvoltage of the process
as much as possible. The kinetics of the oerr on bulk palladium
in acid solution is characterized by a cathodic overvoltage versus
log (cathodic current density) linear relationship with a Tafel
slope equal to —0.12 V/decade.'*'® The reaction occurs on a
“bare” palladium cathode and its kinetics is determined by the
first two-electron-transfer steps in which hydrogen peroxide is
formed.

As has been recently reported,!” the cathodic overvoltage of
the oerr on a gold substrate covered by a palladium submono-
layer with a degree of surface coverage 6 = 0.9 decreases
markedly in relation to that of a “bare” gold electrode.
Furthermore, an outstanding electrocatalytic activation for
reaction 1 on gold nanoparticles supported on gold has been
reported.!®!° The behavior of the oerr on gold nanoelectrode-
posits on boron-doped diamond films also exhibit a quasire-
versible electroreduction wave on gold modified by a self-
assembled submonolayer of cysteine.?’

In this work we report the electrocatalytic enhancement of
both the oerr and the hydrogen adatom formation in terms of
palladium island size and geometry. The presence of quasi 2D
domains that constitute these palladium islands appears to be
largely responsible for the above effect. This conclusion emerges
from the analysis of electrochemical data, scanning tunneling
microscopy (STM), and tapping-mode atomic force microscopy
(AFM) imaging and scanning electron microscopy (SEM)
micrographs of the oerr on palladium electrodeposited patterns.
The kinetics of the oerr palladium mesoparticles supported on
highly oriented pyrolytic graphite (HOPG) exhibit a remarkable
electrocatalytic enhancement, i.e., a decrease in the cathodic
overvoltage on the order of 0.25 V, as compared to polycrys-
talline palladium electrodes. This fact suggests that the initial
step would involve the possible enhancement of molecular
oxygen dissociative adsorption on palladium island 2D domains.
These findings establish a consistent bridge between the
electrocatalytic activity of palladium islands and that found
earlier for palladium electrodes previously subjected to elec-
troroughening.?!2?
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2. Experimental Section

2.1. Preparation of Palladium Mesoislands on HOPG.
Palladium islands on freshly exfoliated HOPG working elec-
trodes (geometric area 0.55 cm?) were grown by electrodepo-
sition from 7.5 x 10™* M palladium chloride + 5 x 1072 M
sodium perchlorate + 5 x 1073 M perchloric acid aqueous
solution utilizing a conventional glass electrochemical cell
provided with a palladium counter electrode and a saturated
calomel electrode (SCE) as the reference. The working solution
was prepared from analytical reagent-grade chemicals and Milli-
Q*-Millipore water and deaerated by bubbling with purified
argon prior to each electrochemical run.

Potentials in the text are referred to the SCE scale. The
working conditions to establish the optimal growth mode for
palladium branched islands were evaluated from a cathodic
polarization curve run at 0.005 V/s between an anodic switching
potential in the range 0.7 < E,s < 0.8 V and a cathodic switching
potential in the range where the discharge of hydrogen ions takes
place. The reversible potential of the Pd/Pd**(aq) electrode for
the working solution is E, = 0.74 V (versus SCE) at 298 K.?

As concluded from polarization curves, palladium islands
were grown by stepping the potential from E; = 0.7 V to a
value of Ey4 set in the range —0.100 V < E4 < 0.125 V. The
electrodeposition time was set in the range 10 < 7y < 650 s.
The electrodeposition charge density that was determined with
a digitalized coulometer was in the range 1 < g4 < 12 mC
cm™2. Values of the cathodic current density (j) and ¢q are
referred to the geometric area of the HOPG substrate. Depending
on the value of £y, two types of palladium islands were prepared,
being denoted as type I (Fg & 0.125 V) and type II palladium
islands (Eq &~ —0.100 V) on HOPG (hereafter referred to as
type I and type II palladium, respectively). Occasionally, a part
of the electrodeposited palladium was anodically stripped off
to decrease the average island size and later determine how their
electrocatalytic activity was modified.

2.2. Surface Characterization. The surface characterization
of palladium islands on HOPG working electrodes was made
by STM, AFM, and SEM. For this purpose the working
electrode was removed from the cell, carefully rinsed by
immersion in water for 2 min, and dried under argon at room
temperature.

SEM micrographs were obtained on JEOL equipment. STM
images were produced from a Nanoscope IIE digital instrument
operating in air. Tapping-mode AFM images were made with
a Nanoscope Illa digital instrument operating under water.

For STM imaging, Pt—Ir Nanotips were used. Tunneling
currents in the range 0.5—0.8 nA and bias voltages in the range
0.5—1.0 V were used. Images were taken at a low scan rate
(~0.8 Hz for images 5 x 5 um? in size) to avoid either damage
of the deposit or its removal from the HOPG surface by the
tip.

Because of the weak attachment of palladium islands to the
graphite surface, we used tapping-mode AFM in an underwater
environment to avoid material stripping. This made repetitive
imaging of palladium islands possible. These measurements
were performed with silicon nitride cantilevers at a resonance
frequency close to 10 kHz. Set points close to the free oscillation
amplitudes were employed to minimize the cantilever—pal-
ladium island interaction.

2.3. Electrocatalytic Properties. The electrocatalytic activity
of type I and type II palladium supported on HOPG electrodes
for the oerr in oxygen-saturated 0.05 M aqueous perchloric acid
was determined voltammetrically at v = 0.050 V s~!. For
comparison, blanks were run for both bare HOPG and massive
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Figure 1. Cathodic polarization curve at 5 x 1073 V s~!. HOPG in
7.5 x 107* M aqueous PdCl, + 5 x 1072 M NaClO4 + 5 x 1073 M
HCIOy4; 298 K. The current density (j) is referred to the working
electrode geometric area. The reversible potential of the Pd/Pd**
electrode in the working solution and the potentials for the preparation
of type I and type II palladium are indicated.

palladium electrodes. All experiments were performed at 298
K. It should be pointed out that voltammetry provides relevant
kinetic information about the oerr; however, from the standpoint
of practical application to electrocatalysis, data for the process
under steady-state conditions are required.

3. Results

3.1. Palladium Island Preparation. The cathodic polariza-
tion curve of palladium electrodeposition on HOPG run from
0.8 to —0.4 V, at 0.005 V/s, plotted as cathodic current density
(7) versus applied potential (£) (Figure 1), shows the following
features. From 0.8 to ca. 0.4 V there is an almost exponential
increase in j with E. Subsequently, a tendency to attain a first
limiting current in the range 0.4—0.3 V was observed. This
current was followed by a cathodic current maximum at 0.27
V and a second cathodic limiting current that extends from ca.
0 to —0.2 V. These current contributions are related to the
discharge of aqueous palladium complex species to palladium.
Finally, from —0.2 V downward, the simultaneous electrodepo-
sition of palladium and the discharge of hydrogen ions take
place. The kinetics of these processes has been extensively
discussed in a previous publication.'> The potential regions
related to the preparation of type I and type II palladium islands
are indicated in Figure 1.

3.2. Palladium Island Characterization. Type I palladium
(Figure 2a) appears as compact, cylindrical particles either
isolated or as twinned and trimer islands. The average maximum
island radius (r) is close to 100 nm (Figure 2b), and the
maximum height/maximum radius ratio {(4)/{) = fis about 0.32
(Figure 2b,c). On the other hand, type II palladium involving
the same value of ¢4 (Figure 3a) consists of a small central 3D
core surrounded by large and flat branches (Figure 3b). In this
case, for g = 3 mC/cm?, {f) is 0.25 (Figure 3c). The island
patterns for type I and type II palladium resulting from the cross-
section analysis (Figures 2¢ and 3c) are completely different.
In fact, for type II palladium the branched pattern around the
small central core is extremely flat with a maximum height close
to 5 nm that corresponds to about 20 monolayers (ML) of
palladium atoms, i.e., it approaches a real 2D pattern as shown
in Figure 3c. Both type I and type II palladium exhibit a narrow
particle size distribution with an average radius () and an
average height () both increasing with g4, fulfilling linear
relationships {h) < q4” and {r) o< g4", respectively, with m =
0.15 and n = 0.40 (Figure 4).2! Accordingly, as palladium
islands grow they tend to spread over the HOPG surface, leading
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Figure 2. Type I palladium. (a) SEM micrograph, ¢4 = 5 mC cm™2.
(b) STM image (0.5 x 0.5 um?), g¢ = 3 mC ecm™2. (¢) STM cross
section of the image shown in panel b.

to smaller values of {f). For both type I and type II palladium,
percolation patterns at high values of ¢4 can be formed, although
for type II palladium, the high connectivity of branches results
in percolation patterns that can already be observed at g4 ~ 6
mC cm 2.

3.3. Electrocatalysis (oerr) on Palladium Mesoparticles
Supported on HOPG. Polarization curves from oxygen-
saturated 0.05 M aqueous perchloric acid on bare HOPG,
massive palladium, and type II palladium (g4 = 3 mC cm™?)
were run at 0.050 V s™!, increasing the potential scan from 0.45
to 0.70 V and reversing it to —0.2 V (Figure 5). As already
reported,'® the initial potential scan from 0.45 to 0.70 V
considerably improves the reproducibility of the oxygen elec-
troreduction curves.

The polarization curve on bare HOPG (blank) (Figure 5)
shows that the electroreduction current becomes negligible as
only a small cathodic wave in the range 0 to —0.1 V, presumably
associated with the charging/discharging current of the electrical
double layer, is recorded. For £ < 0 V, the discharge of
hydrogen ions contributes to the gradual increase in j as E is
negatively shifted.

The cathodic polarization curves for massive palladium
(Figure 5) run under comparable conditions exhibit a first
exponential increase in current from 0.6 to 0.2 V, followed by
a diffusion-controlled current plateau related to the oerr from
0.1 to 0 V. The increase in current from 0 V downward
corresponds to the contribution of the hydrogen ion discharge
reaction.
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Figure 3. Type Il palladium. (a) SEM micrograph, g = 5 mC cm™2.
(b) STM image (0.32 x 0.32 um?), g¢ = 3 mC ¢m™2. (c) STM cross
section of the image shown in panel b.

A comparable polarization curve run with type II palladium
in the oxygen-saturated working solution shows two cathodic
waves in the potential ranges 0.32 to 0.20 and 0.15 to —0.05 V
(Figure 5). These two waves are related to the oerr as they
disappear when the polarization curve is recorded in oxygen-
free 0.05 M aqueous perchloric acid. For £ < —0.1 V, the
current contribution from the hydrogen ion discharge is ob-
served. However, in contrast to massive palladium, in which
the hydrogen ion discharge leading to hydrogen absorption is
the dominant process, for type II palladium the hydrogen ion
discharge involves a current plateau at —0.12 V. This behavior
is similar to that earlier described for electroroughened massive
palladium?!-?? and attributed to the discharge of hydrogen ions
principally yielding electroadsorbed hydrogen atoms.

The above results demonstrate that the cathodic overvoltage
for the oerr on type II palladium in aqueous perchloric acid
decreases by 0.21 V as compared to massive palladium. It should
be noted that the cathodic current density referred to 1 cm? of
HOPG for both type II palladium and massive palladium is
almost the same, despite the fact that in the former case
dispersed islands on HOPG involve only a few micrograms of
palladium.

For both type I and type II palladium, the polarization curves
for the oerr run at 0.050 V/s show a gradual shift in the inflection
point as gq is increased from 1 to 6 mC cm~2 (Figure 6). The
potential of the inflection point (£},) is used as a measure of
the shift in the cathodic overvoltage of the oerr. This shift is
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Figure 4. (a) Plot of {r) versus gq. The solid line corresponds to {r)
versus gq**. (b) Plot of () versus ¢q. The solid line corresponds to (/)
versus g¢*'°. Type II palladium (@) and type I palladium (O) are shown.
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Figure 5. Polarization curves in 0.05 M aqueous perchloric acid run
at v = 0.050 V s7! from 0.45 to 0.70 V and backward to —0.20 V:
HOPG in oxygen-saturated solution (M, 1); polycrystalline palladium
in oxygen-saturated solution (O, 2); type II palladium (g4 = 3 mC cm™2)
in oxygen-saturated solution (k, 3); and type II palladium (gg = 3mC
cm™?) in a deaerated solution (O, 4).

acompanied by a monotonic increase in the hydrogen atom
electroadsorption wave £ < 0 V. It should be noted that the
decrease in the cathodic overvoltage for the oerr for type II
palladium is larger than for type I palladium. Therefore, type 11
palladium exhibits the largest electrocatalytic effect for the oerr.
This conclusion is consistent with the fact that for both type I
and type II palladium the experimental value of Ej;, moves
positively with g4, although this effect is more remarkable for
type II palladium (Figure 7). The E} versus ¢q plot (Figure 7)
clearly shows that the shift of E;, with ¢4 reaches the
equilibrium potential of the O,/H,0, redox couple as limiting
value (Table 1). This means that the first electroreduction step
of oxygen to hydrogen peroxide turns into a reversible process
for g4 = 5 mC cm™2. Accordingly, the electrocatalysis of type
I and type II palladium seems to operate at the first electron-
transfer step of the complex mechanism related to the oerr.'®
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TABLE 1: Reversible Potential of Reactions of Possible Interest for the Molecular Oxygen Electroreduction Reaction®

equilibrium reaction Eo/V Nernst equation E/V
O(g) + 2H" + 2¢~ = H,O 2.162 E./V =2.162 — 0.059pH + 0.030 log po ~2.085
H,0, + 2H* + 2¢~ = 2H,0 1.495 E./V =1.459 — 0.059pH + 0.030 log ¢n202 1.576
Ox(g) + 4H" + 4e~ = 2H,0 0.961 E./V =0.961 — 0.059pH + 0.015 log po2 0.884
Oy(g) + 2H" + 2™ = H,0, 0.427 E/V =0.427 — 0.059pH + 0.030 log po, — 0.030 log croo2 0.508
Pd’*(aq) + 2 e~ = Pd(s) 0.647 E/V =0.647 — 0.030 log cpar+ 0.741

4 Potentials are referred to the potential of the saturated calomel electrode (versus the normal hydrogen electrode). Data are adapted from ref 23

and were measured at 298 K.
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Figure 6. Polarization curves for the oerr in 0.05 M aqueous perchloric
acid at v = 0.050 V s7! run in oxygen-saturated solution run from
0.45 to 0.70 V and backward to —0.20 V. (a) Type 1I palladium (g4 =
1, 2,3, 6,and 12 mC cm™2). (b) Type I palladium (g4 = 2, 3, 6, and
12 mC cm™2). The arrow indicates the charge density increasing
direction.

To demonstrate the validity of the above conclusions, runs
under comparable conditions were made with type II palladium
(94 = 6 mC/cm?) in the oxygen-saturated working solution with
the addition of 3.5 x 107% M hydrogen peroxide. The corre-
sponding voltammogram (Figure 8, —) shows two successive
cathodic waves, one with Ej, = 0.42 V, a value approaching
that of the O,/H,0,/2¢™ reversible potential, and the other ),
= 0.18 V, that resembles the single wave found for massive
palladium (Figure 5). These two waves are also present in the
voltammogram run in the absence of hydrogen peroxide (Figure
8, O). The relative increase in the charge of the cathodic waves
observed for the solution containing hydrogen peroxide appears
to be also related to the application of the initial positive
potential scan from 0.4 to 0.7 V. This initial scan produces an
additional local supersaturation of oxygen resulting from the
electro-oxidation of a certain amount of hydrogen peroxide. On
the other hand, when oxygen is removed from the hydrogen
peroxide-containing solution only the wave at 0.18 V is
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Figure 7. Plot of £}, versus ¢4 from polarization curves run in oxygen-
saturated 0.05 M aqueous perchloric acid at v = 0.050 V s~'. (H) Type
II palladium; (O) type I palladium; (—) polycrystalline palladium; (A)
type I1I palladium; (#) HOPG; (x) palladium nanoparticles electrode-
posited on gold (111) at E4 = —0.1 V.
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Figure 8. Polarization curves for type II palladium (g4 = 6 mC ¢cm™2)
in 0.05 M aqueous perchloric acid run at v = 0.050 V s~! from 0.45
to 0.70 V before the electroreduction scan. Deaerated solution + 3.53
x 107 M H,O, (M, 1); oxygen-saturated solution + 3.53 x 107 M
H,0, (—, 2); oxygen-saturated solution (O, 3).

observed, i.e., this second wave is related to the electroreduction
of hydrogen peroxide itself. Therefore, these results provide
useful information to interpret the kinetics and mechanism of
the oerr on type I and type II palladium as discussed further
on.

Another electrocatalytic effect that appears in the voltam-
mograms for both type I and type II palladium is related to the
formation of electroadsorbed hydrogen atoms from the discharge
of hydrogen ions. This is reflected in the cathodic current (jhaer)
recorded for £ < 0 V, which is not observable for massive
mirror-polished palladium (Figure 5). For both types of elec-
trodes the (jhaer — Jiimo,) versus gq plots (Figure 9) yield
reasonable straight lines, although for type II palladium the slope
of this line is greater than for type I palladium. Considering



10790 J. Phys. Chem. B, Vol. 108, No. 30, 2004

200- <

10 12

q,/ mCan’
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and type I palladium (O).

that the real surface area of type II palladium is larger than for
type I palladium, this behavior suggests that for £ < 0 V the
dominant reaction corresponds to a surface process in which
the hydrogen ion discharge yields hydrogen adatoms on
palladium as precursors of hydrogen absorption into bulk
palladium. This electrochemical behavior is similar to that
already reported for electrochemically roughened palladium
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electrodes.?!?? For the same value of g4, these plots also indicate
that the degree of surface coverage of palladium by hydrogen
atoms becomes slightly greater for type II than for type I
palladium.

The preceding results suggested the need for a crucial
experiment to demonstrate whether the catalytic activity of type
I and type II palladium is due preferentially to either the island
size or dominant island geometry. For this purpose, a type II
palladium (gq = 3 mC ¢cm?) exhibiting a high electrocatalytic
activity for the oerr was anodically stripped off, leaving just
half of the initial palladium electrodeposition charge (g4 = 1.5
mC cm™2). Hereafter this type of electrode is denoted as type
III palladium. After anodic stripping, the tapping-mode AFM
image shows extremely disordered patterns (Figure 10), consist-
ing of central cores and backbones of the original branched
pattern, i.e., the 2D branching from the initial palladium
electrodeposit was almost completely removed by partial anodic
stripping leading to a quasi-1D branched pattern. The electro-
catalytic behavior of these quasi-1D palladium islands for the
oerr on HOPG was also tested (Figure 11). The comparison of
data from type II palladium (g4 = 3 mC cm™2) to that of quasi-
1D palladium prepared from type II palladium (g4 = 6 mC
cm™?) after anodic stripping to ¢¢ = 3 mC cm™? reveals that
for the latter the electrocatalytic effect on the oerr has disap-
peared almost completely, i.e., the corresponding value of £}/,

Figure 10. Imaging comparison between type Il and type III palladium. (a) STM image of type Il palladium (g4 = 3 mC cm™2); (b) tapping-mode
AFM image of type III palladium (g4 = 1.5 mC cm™2 resulting from the anodic stripping of type II palladium with the initial value g4 = 3 mC

cm™2).
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Figure 11. Polarization curves run in 0.05 M aqueous perchloric acid
at v = 0.050 V s7! from 0.45 to 0.70 V before the electroreduction
scan. Oxygen-saturated solution. Type I palladium (g4 = 3 mC cm™2)
(0); type 1I palladium (g4 = 3 mC cm™2) (x); type III palladium (g4 =
3 mC cm™? resulting from the anodic stripping of from the initial value
ga = 6 mC cm™2) (H).
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Figure 12. Polarization curves run at v = 0.050 V s™! in 0.05 M
aqueous perchloric acid for type II palladium (¢4 = 6 mC cm™2) from
0.50 to —0.20 V: deaerated solution with 3.53 x 107® M H,0; (curve

1); oxygen-saturated solution + 3.53 x 107¢ M H,O, (curve 2); oxygen-
saturated solution (curve 3).

approaches that resulting from the HOPG blank (Figure 7). In
this case, the oerr behaves as an irreversible electrochemical
surface reaction, although the electrocatalytic effect on the
hydrogen electroadsorption reaction remains and resembles that
observed for type I palladium.

To investigate the influence of possible oxygen—substrate
surface interactions on the oerr, polarization curves for type II
palladium (¢gg = 6 mC cm™2) were run starting from 0.5 V
downward (Figure 12). In this case, the relative contribution of
any oxygen-containing surface species is largely diminished as
compared to polarization conditions used in those runs depicted
in Figure 8. For type II palladium in oxygen-saturated 0.05 M
aqueous perchloric acid, oxygen-saturated 0.05 M aqueous
perchloric acid + hydrogen peroxide, and oxygen-free hydrogen
peroxide (Figure 12), the most remarkable effect as compared
to Figure 8 is the negative shift of the oerr threshold potential
that indicates a decrease in the electrocatalytic effect for the
oerr. The voltammogram for massive palladium in the acid
solution (Figure 13) also shows that oxygen-containing adsorbed
species on palladium are present in the potential range of the
oerr. These results clearly demonstrate that traces of oxygen-
containing adsorbates remaining on palladium species also
contribute to the electrocatalytic enhancement of the oerr.
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Figure 13. Voltammogram of polycrystalline palladium in deaerated
aqueous 0.05 M aqueous perchloric acid.

To further investigate the influence of the substrate on the
electrocatalysis of the oerr, voltammetric runs were also made
under comparable conditions with a gold(111) substrate with
different amounts of electrodeposited palladium in oxygen-
saturated 0.05 M aqueous perchloric acid (Figure 14a). These
voltammograms started with an electro-oxidation scan from 0.65
to 0.70 V, followed by the electroreduction scan downward to
—0.2 V. In all cases, for £ = 0.50 V, a cathodic current
presumably related to the electroreduction of a submonolayer
of oxygen-containing adsorbates (oxygen upd) anodically
formed in the preceding scan was observed. In any case, the
cathodic current starting from 0.50 V downward attains a
limiting value from ca. 0.3 to 0.0 V. STM images of the
electrodeposited palladium islands (gg = 3 mC cm™2) on gold
consist of nanoparticles (10—20 nm in size, 1 =2 nm in height)
practically covering the entire gold surface (Figure 14b). The
largest nanoparticles exhibit triangular and ramified shapes and
others in which branch development is hindered by the
overlapping of growing island borders. It should be noted that
the effect of the substrate cannot be strictly derived from these
experiments because both the substrate and the type of deposited
islands have been simultaneously changed. In fact, under the
same experimental conditions the nucleation rate of palladium
on gold is much higher than on HOPG, resulting in a large
number of nanoparticles instead of the mesoparticles observed
on HOPG. However, it is interesting to compare the electro-
catalytic activity of palladium mesoparticle/HOPG and pal-
ladium nanoparticle/gold systems. The E},; values derived from
the voltammograms corresponding to oxygen electroreduction
for palladium nanoparticles on gold are included in Figure 7. It
should be noted that the electrocatalytic effect for the oerr for
palladium mesoparticle/HOPG system is only slightly smaller
than that observed for palladium nanoparticle/gold system.
However, the former system has the advantage of no significant
sintering effect of mesoscale particles and the use of a cheaper
substrate.

4. Discussion

4.1. Electrocatalysis and Electrode Design. In electroca-
talysis, the high performance of electrodes is the result of some
combination of surface reactivity, electronic and ionic conduc-
tivity, and electron hole pair separation and facile mass transport
of molecules, which is furnished by the architectural design of
both electrodes in the cell, i.e., the arrangement of material in
space. In electrochemical reactions the electron is a reactant
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Figure 14. (a) Polarization curves in oxygen-saturated 0.05 M aqueous
perchloric acid run at v = 0.050 V s™! for the oerr on palladium
nanoparticles electrodeposited on gold(111): (=) g¢ = 3 mC cm™2,
(O) ga = 6 mC cm™2. (b) STM image (160 x 160 nm?), g4 = 3 mC
cm™2, (¢) STM cross section of the image shown in panel b.

that scales with the electrified surface area. This fact poses the
issue of the optimum particle/pore size and shape of electrode
materials compatible with the highest electrocatalytic activity.
Accordingly, since some decades ago, these issues have become
of considerable interest from the standpoint of electrochemical
research.

4.2. Possible Mechanism of the oerr on Palladium Islands.
The kinetics of molecular oxygen electroreduction on massive
polycrystalline palladium is similar to that on massive plati-
num.'® For both metals, the rate-determining step is the first
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single-electron-transfer step yielding adsorbed O,~ ion from
adsorbed molecular oxygen:

(OZ)ad te = (02_)ads (23)

In acid solution, reaction 2a is followed by the formation of an
adsorbed O,H radical:

(0,7),s + H'(aq) = (O,H) (2b)

ads

The second-electron tranfer step involves the reduction of
adsorbed HO, to adsorbed HO,:

(OH)y t e =(HO, )y (2¢)
Finally, the formation of H,O, takes place:
(HO, g + H'(aq) — (H,0,),q (2d)

Reactions 2a—d correspond to the first cathodic wave of
molecular oxygen electroreduction on noble metals.'>~1* There-
fore, H,O, produced in the first electro-oxidation stage can be
considered as an intermediate for the complete electroreduction
of molecular oxygen.

In the second electroreduction stage, adsorbed peroxide either
desorbs

(H,0,),4 = H,0, (sol) (3a)
or reacts further, yielding water:
H,0,),4 + 2H+(aq) + 2e = 2H,0(sol) (3b)

Reaction 3b is related to the second cathodic wave for the oerr
predicted from thermodynamic data (Table 1).

Previous kinetic studies have shown that the complete oerr
on noble metals including palladium!3!'® involves the consecu-
tive reaction pathway involving reactions 3a and 3b, where the
first electroreduction stage behaves as an irreversible electrode
process and the second one is diffusion-controlled. In contrast
to massive palladium, the oerr on type I and type II palladium,
under quasi-steady-state conditions, shows a limiting current
that extends over a wide potential range and E}, , approaches
the value of the reversible H,O,/O; electrode (Figure 7).

On the other hand, the experimental results also show that
when the starting potential of the electroreduction curves is
shifted positively, the cathodic current wave related to the oerr
is also displaced in a positive potential direction (Figures 8 and
12). This fact suggests that traces of adsorbed oxygen species
promote the oerr electrocatalysis. This electrocatalytic enhance-
ment could be related to the capability of type I and type II
palladium surfaces for weakening the O—O bond strength of
surface species before the first electron-transfer step takes
place.!® This is not surprising because the voltammogram of
palladium in the absence of dissolved molecular oxygen in the
electrolyte solution (Figure 13) shows that the first electro-
oxidation stage of water on palladium yielding adsorbed OH
species

Pd + H,0 = Pd(OH)+ H" + ¢~ 4)
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commences at ca. 0.3 V (Figure 13). Reaction 4 is followed by
the deprotonation reaction

Pd(OH) = Pd(O)+ H" + ¢~ (5)

that occurs for £ > 0.5 V (Figure 13).

Let us consider now the influence of reactions 4 and 5 on
the oerr. In this case, it has been demonstrated by triangularly
modulated cyclic triangular voltammetry>* that reaction 5
behaves as a fast reversible process on noble metal electrodes.
Then, the voltammetric electroreduction scan, at about 0.6 V,
should involve reaction 4 in the reverse direction yielding free
palladium sites. These free sites are also produced in the range
0.4—0.0 V from consecutive reactions 5 and 4, both in the
reverse direction. In any case, the oerr occurs on a palladium
surface partially covered by traces of OH and O adsorbates,
their degree of surface coverages decreasing as the starting
scanning potential is shifted negatively (Figure 13). A detailed
analysis of Figures 8 and 12 definitely shows that the oerr is
enhanced as the amount of OH and O adsorbates increases,
irrespective of the solution composition, although this enhance-
ment is more remarkable for reaction 3b. Correspondingly, when
the starting scanning potential for the oerr is changed from 0.7
to 0.5 V, the second cathodic wave is shifted by approximately
0.2 V.

Another interesting observation is related to the appearance
of the first cathodic wave related to the electroreduction of
molecular oxygen to hydrogen peroxide in oxygen-free hydrogen
peroxide-containing solutions (Figure 8). This wave is due to
molecular oxygen produced from the hydrogen peroxide electro-
oxidation during the initial anodic scan from 0.45 to 0.70 V:

Pd + H,0, = Pd(H,0,),, = Pd + O, + 2H" + 2¢~ (6a)

Reaction 6a, in the reverse direction, explains the presence of
the first cathodic wave under the experimental conditions
described in Figure 8.

On the other hand, when the starting scanning potential for
the oerr is decreased to 0.5 V, a partial oxidation of the hydrogen
peroxide in the oxygen-free solution takes place according to

Pd + O,H, = Pd(O,H,) = Pd(O,H) + H" + ¢~ (6b)

Reaction 6b, in the reverse direction, accounts for the large
cathodic current recorded in the range —0.1 to —0.2 V (Figures
8 and 12). Furthermore, at these potentials the following
electrochemical reaction occurs on free palladium sites

Pd+ O, +¢ =Pd(O, ) 7
favoring the formation of adsorbed (O,H)
Pd(0,7) + H + ¢~ = Pd(O,H),, (8)
finally yielding hydrogen peroxide:
Pd(O,H),, + H" + ¢~ = Pd(O,H,) )

Finally, for the dissolved oxygen and hydrogen peroxide-
containing solution, the electro-oxidation and electroreduction
of hydrogen peroxide occur as given by reaction 6a in the
forward and backward direction, respectively, and reactions 5
and 9 occurring simultaneously with those involved in the oerr
reaction pathway.

4.3. Possible Explanations of the oerr Catalytic Enhance-
ment. In heterogencous catalysis utilizing nanometer-sized
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particles dispersed on high surface area oxide supports, molec-
ular level explanations have been proposed to understand the
relationships between the surface structure and size distribution
of nanoparticles and their catalytic activity and selectivity.?~%°
Thus, for the catalytic conversion of carbon monooxide into
carbon dioxide on gold in contact with an oxide substrate such
as titania, the high performance of this system has been assigned
to the reactivity of gold atoms at the perimeter of the gold/
substrate contact. The number of these sites grows as the size
of the particle diminishes. This high reactivity depends on the
nature of the oxide support.

A second explanation for the catalytic enhancement is based
upon the geometry of the gold particle. Such a particle has a
smooth surface on top and lateral step edge sites where each
gold atom has a higher reactivity assigned to the lesser number
of gold atom neighbors. The number of this type of reactive
sites also depends on the particle size 2472730733

A third theory considers that particles smaller than 3 nm and
two atomic layers thick lose their metallic properties.’** Then,
the high reactivity is due to the incorporation of electric charge
from the substrate. This would mean that the characteristics of
the substrate might also have an additional influence on the
electrochemical behavior of metal islands on carbon substrates.

4.4. Topography of Palladium Island on HOPG. The shape
of palladium islands potentiostatically produced on HOPG
depends on E and ¢.. For a fixed value of ¢, the island 2D/3D
domain ratio that determines the real surface area of electro-
catalytically active islands depends on E.

Let us first evaluate the increase in the total island area
referred to its projection on the bare HOPG surface from the
analysis of STM images by use of the Nanoscope III software.
The increase in the total island area resulted in 57—60% for
type I, 20—25% for type 11, and 7% for type III palladium. For
type II palladium, the increase in the total area comes almost
entirely from the quasi-2D branched structures around island
cores. For all cases, the contribution from central cores to the
increase in area, as well as that from backbones left after anodic
stripping, is relatively small (Figure 10c). For type III palladium,
the 2D character of type II palladium has disappeared almost
completely, and the corresponding pattern consists only of
pseudo-1D wires of 5—8 nm in width and 3D central cores.

The large increase in total surface area observed for type I
palladium results mainly from their 3D domains. In principle,
one would expect that the large increase in surface area would
result in a higher density of surface defects (steps, kinks, corners)
and, consequently, in an enhancement of their electrocatalytic
activity. However, despite the difference in surface area, the
electrocatalytic effect on the oerr for type I palladium is smaller
than for type II palladium. Therefore, no straightforward
correlation between the enhancement of the electrocatalytic
activity and the increase in the total surface area of palladium
islands for the oerr can be concluded.

As a second approach to this issue, let us consider the island
perimeter fractal dimension (Ds), which can be taken as a
measure of the island surface disorder that would be proportional
to the density number of defects. The value of Ds can be
evaluated from the island perimeter/area method.>* Accordingly,
it results in Dy = 1 for type I palladium, Dy = 1.4 for type II
palladium, and D; = 1.71 for type III palladium. These figures
show that the disorder for partially stripped islands is greater
than that of type II and type I palladium. These figures change
in the reverse direction to the electrocatalytic activity of these
surfaces for the oerr. Then, we can conclude that on a strongly
disordered perimeter that practically “fills” a plane a weakening
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of the O—O bond in molecular oxygen adsorption would be
unfavorable. In contrast, type II palladium exhibits the largest
electrocatalytic effect for the oerr as active perimeter sites would
facilitate O—O bond weakening for molecular oxygen adsorp-
tion. Finally, the less effective electrocatalytic behavior of type
1 as compared to type III palladium could be assigned to a
smaller number of active sites at island perimeters in contact
with the HOPG substrate.

On the other hand, as ¢, is increased, the greater branching
connectivity at type II palladium leads to percolation patterns
that can be described as thin quasi-2D irregular surfaces with
an average thickness of the order of 1—5 nm. These percolated
electrodeposits exhibit the largest electrocatalytic effect for the
oerr due to the largest density number of active sites at the
irregular perimeter in relation to the isolated type II palladium
observed at smaller values of ¢.. Therefore, one can conclude
that palladium electrodeposits with the best electrocatalytic
performance for the oerr would involve an optimal density of
disordered active sites at island perimeters in contact with the
HOPG substrate. At these sites the weakening of the O—O bond
strength at molecular oxygen adsorbates would be favored.
Conversely, for hydrogen atom electroadsorption, the electro-
catalytic activity appears to be similar for all types of islands
suggesting that this reaction involving the participation of
hydrogen atoms only takes place at all island sites.

The O—O bond strength weakening for molecular oxygen
adsorbates on sites of fractal perimeter/surface palladium islands
would decrease the height of the activation energy barrier
associated with the first electron-transfer step. Accordingly, the
first reaction step could be written as

2Pd* + 0, = [Pd*Pd*](0—0),, (10a)
[Pd*Pd*](0—0),, + H" + 2¢ = [Pd*Pd*](O,H),, (10b)
[Pd*Pd*](O,H),, + H" = 2Pd* + H,0,  (10c)

where [Pd*Pd*] stands for active centers at the palladium
surface. The electroreduction of H,0,, either adsorbed or in
solution, would further proceed via reaction 2a—d. The preced-
ing interpretation is consistent with the fact that for clusters of
atoms both the physical and chemical properties become
increasingly bulklike as the cluster size increases. Then, specific
structural effects determined by size-sensitive perturbation of
the electronic structure, or the nature and range of interatomic
interactions can arise. One special example is bond relaxation
effects that give rise to a size-dependent scaling of the cluster
metal—metal bond lengths.33—38

The palladium/oxygen interactions described in the preceding
mechanism are consistent with recent quantum calculations3°-4°
and agree with the likely catalytic mechanism of oxidation of
carbon monoxide on gold nanoclusters on titania.*! In this case,
the formation of O, species at 673 K was detected by electron
spin resonance.*>* From the figures given above, one can
conclude that the origin of the electrocatalysis for the oerr is
related to the fractal perimeter of palladium islands rendering a
large number of local defect sites at the HOPG surface/palladium
island edges/electrolyte solution three-phase boundaries. This
fact implies a considerable influence of the substrate charac-
teristics on the electrocatalytic properties of metal island/
substrate systems. Actually, the influence of carbon substrates
on the electrocatalysis for redox reactions by metal nanoparticles
have been recently reported.**
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5. Conclusions

The catalytic activity of palladium islands on HOPG is
surprisingly high at the level of the first electron-transfer step.
This process at palladium mesoparticles would be assisted by a
weakening of the O—O bond strength at molecular oxygen
adsorbates. Our results suggest that different features of the
electrochemical system converge to produce the above-
mentioned electrocatalytic effect. The fractal perimeter of islands
that leads to an increase in the number of active sites at island
perimeters, the effective area of working electrodes, and the
influence of traces of oxygen-containing surface species remain-
ing on the palladium island surface seem to cooperate to produce
a faster dissociation of molecular oxygen undergoing together
with the first electron-transfer step in the oerr.

Considering the different explanations advanced for the
catalytic enhancement promoted by metal particles on solid
substrates, the electrocatalytic effect of type I and type II
palladium for the oerr first results from the number of highly
reactive palladium atoms at island edges in contact with the
HOPG substrate. The number of atoms at island edges in contact
with the substrate is greater for type II than for type I palladium.
Traces of oxygen-containing adsorbates on palladium islands
also contribute to promote the electrocatalytic effect. The
dissociative adsorption of molecular oxygen at the preferred sites
reduces the activation energy barrier for the first electron-transfer
step in the oerr mechanism. The dissociative adsorption is
hindered for extremely disordered systems as observed for type
IIT palladium. The palladium mesoparticle/HOPG system ex-
hibits an electrocatalytic behavior comparable to that of the
palladium nanoparticle/gold system.
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