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Abstract Nanoparticle ensembles (NPEs) are useful plat-
forms to study the electrocatalytic properties of nano-sized
materials. A fabrication method that guarantees a good control
over the morphological features, as well as a reliable charac-
terization, are required for a proper analysis of electrochemical
data measured on these electrodes. This work describes a
simple, fast, and clean procedure for the fabrication of random
arrays of Pt nanoparticles (NPs) supported on flat electrodes
by sputtering of metal targets for short times. Besides, a
strategy for morphological characterization of the ensembles
based on a combination of scanning tunneling microscopy
(STM) and voltammetric information is reported. The method
permits to attain good control on the size and coverage of NPs
in the ensemble through the sputtering parameters. Pt NPs
sputtered on highly ordered pyrolytic graphite (HOPG) grow
bidimensionally with heights in the range 0.8–1.2 nm, while
the lateral diameters of NPs and the surface coverage are
adjusted in the range 2–15 nm by controlling both the
sputtering current and the sputtering time. The stability and
electrochemical behavior for proton reduction under mixed
control in acid media were evaluated on HOPG-supported Pt
ensembles fabricated by the described method.

Keywords Nanoparticle ensembles . Sputtering . CO
stripping . STM . Electrocatalysis . Hydrogen evolution
reaction

Introduction

Arrays of nanoelectrodes, either well-ordered or randomly
distributed (which are also known as ensembles), have found
applications in varied electrochemical fields such as sensing
[1, 2], electroanalysis [3], and electrocatalysis [4–7]. In par-
ticular, the use of nanoparticle ensembles (NPEs) in funda-
mental studies of electro-catalyzed reactions is very advanta-
geous since great sensitivity and mass transport rates can be
achieved. Besides, as long as the nanoparticles (NPs) are
sufficiently dispersed, NPEs constitute ideal electrode plat-
forms to investigate possible particle size and shape effects on
the electrocatalytic activity of materials [8, 9], and synergetic
effects at the intermetallic junctions [6, 10]. Even though the
interpretation of electrochemical responses of random-array
electrodes a priori should be rather complex, accurate models
are now available in different kinetic scenarios [3, 11–14],
which are useful as long as the morphological parameters can
be well controlled and measured. Thus, the construction and
characterization of the ensemble is a key step that influences
the accuracy of studies that are performed with this type of
electrode.

The fabrication of NPE electrodes can be carried out by
varied methods with different degrees of control, cleaning,
and difficulties. One of the most widely used methods relies
on a two-step procedure, where NPs are first synthesized as a
colloidal suspension protected by a capping agent in liquid
phase, following the deposition of the NPs on the conductive
support [1, 15–17]. For improving the control on the resulting
NP sizes and uniformity, many variants have been developed,
such as the use of reverse micelles [18, 19] and dendrimers
[20]. As the capping agent must be removed before immobi-
lization (otherwise, it would strongly adhere on the NP surface
and block the active sites), it is rather difficult to transfer the
same NP size and uniformity from the colloidal suspension to
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the ensemble [19]. Moreover, a well-controlled immobiliza-
tion of the NPs on the conductive substrate can be performed
by generation of linking sites [16, 21], although they may
affect the electrochemical behavior of the ensemble. Thus,
from the point of view of cleanliness, methods that allow
developing NPs directly on the supports are more attractive
for the fabrication of NPEs for electrocatalytic studies. Many
reported procedures are based on growing metallic NPEs
from liquid solutions (i.e., by chemical [22, 23] and
electrochemical [5, 6, 24, 25] methods) and from the gas
phase (i.e., through spray pyrolysis [26], or evaporation/
condensation under ultra high vacuum (UHV) conditions
[27–29]). Some of these methods are based on the use of
templates (such as electron beam lithography [30], nano-
indentation [31], and nanosphere lithography [32]). In situ
growing of NPs by chemical and electrochemical methods
leads to clean particles, but the final geometric properties
of the ensembles are strongly dependent on the surface
state of the support, which many times cannot be properly
controlled. Moreover, while evaporation methods that are
carried out under UHV allow a fine control on the metal
coverage, they require sophisticated instrumentation to at-
tain that control and still are strongly affected by the
surface state and nature of the support. As a variant of
these methods, metal clusters can be dispersed in the gas
phase by sputtering of metal targets with Ar+ ions [33].
This technique is usually employed for coating substrates
with uniform metallic films, although it is also frequently
used for generation of metallic clusters in gas aggregation
cluster sources [34] employed in UHV instruments [29].
The method was widely used for fabrication of nanostruc-
tured thin film as model electrocatalysts, for example, for
oxygen reduction [35–37] and hydrogen oxidation [38, 39]
studies. It was also used for fabrication of highly
dispersed Pt NPs either suspended in ionic liquids [40]
or supported on graphite [41], with a remarkable control
on the particle size. However, the technique by itself was
never employed for fabrication of bidimensional ensembles
under conditions where the clusters would deposit in the
form of dispersed NPs onto a flat surface.

In this context, this work explores a sputtering-based meth-
odology for fabrication of clean NP ensembles with good
control of size and dispersion, on any type of flat
electrode configuration. A combined SPM/voltammetric
analysis is applied to examine the main topographic
properties of Pt NPEs and to evaluate the level of
control on the morphology that can be attained with
the described method. The evaluation of the hydrogen
evolution reaction by linear sweep voltammetry is per-
formed on Pt NPEs in slightly acid medium to illustrate
how simply the sputtering method permits to vary the
mass transport conditions (in this case of proton) toward
the NP ensemble in electrocatalytic studies.

Experimental

Instrumentation

The sputtering of platinum was carried out using a sputter
coater Emitech model K500X, that operated at constant volt-
age under an argon atmosphere (0.1 mbar) at room tempera-
ture (~22 °C). The target was a Pt disk (60-mm diameter, 0.1-
mm thickness) mounted on an aluminum support. The target–
substrate distance was 35 mm, and was invariant in all exper-
iments. The sputtering time (ts) and the sputtering current (Is)
were controlled with a resolution of 1 s and 5 mA, respective-
ly. The SPM instrument was an Agilent 5400 scanning probe
microscope. Electrochemical experiments were controlled
using a high-resolution Teq 3 potentiostat (NanoTeq).

Chemicals and materials

The platinum target was constructed from a circular metal foil
(99.999 %, Emitech). Research grade Argon (99.999 %,
Indura) was used to feed the sputtering chamber. The supports
used for the ensembles were freshly cleaved highly ordered
pyrolytic graphite (HOPG) plates (SPI type II, 1×1 cm) with-
out further treatment. Scanning tunneling microscopy (STM)
tips were constructed from Pt–Ir wires (80 at %Pt, 0.25-mm
diameter, Goodfellow).

Electrochemical measurements were carried out in a typical
three-electrode cell. For electrochemical testing, the HOPG-
supported ensembles were mounted in a Teflon electrode
holder that exposed a geometric area (Ag) of 0.385 cm2. A
large-area gold wire was used as counter electrode. A revers-
ible hydrogen electrode (RHE) fabricated in the same solution
and a saturated calomel electrode (SCE) were used as refer-
ence electrodes in very acid and slightly acid solutions, re-
spectively. Voltammetric evaluations in strongly acid media
were performed in 0.5 M H2SO4. Hydrogen evolution studies
were carried out in 5 mM HClO4–0.2 M LiClO4 solution. All
these solutions were prepared using high purity acids (Merck),
salts (Merck), and water (deionized with an exchange resin,
doubly distilled, and filtered with a Purelab purifier Elga
Labwater, resistivity≥18.2 MΩ cm). Research grade gases
(N2 and CO, 99.999 %, Indura) were employed to saturate
the solutions.

Methods

A freshly cleaved HOPG plate was introduced inside the
sputtering chamber and positioned on the sample holder fac-
ing the target. The chamber was then purged with pure Argon
and evacuated with a vacuum pump to reach a pressure value
below 0.1 mbar. Once this vacuum was reached, argon was
blown into the chamber to increase the pressure to the

2234 J Solid State Electrochem (2014) 18:2233–2243

Author's personal copy



operating value (0.1 mbar). The flow rate of argon was finely
adjusted at 10 ml min−1 with a needle valve (or bleed valve)
and was sustained at this value during the sputtering process.
A high voltage (~2 kV) was then applied to reach the operat-
ing sputtering current, which was maintained during the
sputtering time. A dispersion of metal clusters in the gas phase
was produced by acceleration and impact of ionized argon
against the metal foil at the target. The particles were then
spontaneously deposited from the gas phase onto the support
placed inside the sputtering chamber. To analyze the effect of
the sputtering parameters on the ensemble morphology, the
values of ts and Is were varied in the ranges 1 s≤ts≤70 s and
5 mA≤Is≤30 mA.

STM images were measured in air using Pt/Ir tips that were
cut with scissors. Typical tunnel parameters used to image the
ensembles were in the ranges 0.3–1 V for the gap bias and
0.5–1.0 nA for the tunnel current. Special care was taken in
selecting these parameters to avoid tip-induced particle
sintering [26], which is common on this type of substrate
[27]. Image processing was carried out using the software
PicoImage (Agilent).

Before electrochemical characterization, the HOPG-
supported Pt NPE electrode was immersed in deoxygenated
0.5 M H2SO4 solution, and its potential was cycled in the
range 0–1.2 V vs. RHE at 0.1 V s−1 until a reproducible cyclic
voltammogram (CV) was registered. The quantification of the
Pt electrochemically active area (APt) on ensembles of Pt NPs
was carried out by using the voltammetric charge for
electrooxidation (or stripping) of adsorbed carbon monoxide
(CO) in 0.5 M H2SO4. This charge was measured following a
well-known procedure [42], which involved a first
potentiostatic step for adsorption of dissolved CO (1 atm) on
the metallic active sites (0.05 V vs. RHE, 15 min). The
adsorption step was followed by the evacuation of dissolved
COwith N2 (15 min holding the same electrode potential) and
the immediate application of an anodic linear scan from 0.05
to 1.5 V vs. RHE at 0.05 V s−1, that produced the
electrooxidation of the adsorbed CO. The electrode potential
was then cycled between these two potential limits in the CO-
free solution to obtain the CV for background subtraction. The
charge for the electrooxidation of a CO monolayer (q) was
calculated by integration of the background-subtracted current
of the first anodic scan over the potential interval 0.6 V<E vs.
RHE<1.3 V [42, 43].

For evaluation of the hydrogen evolution, each electrode
was immersed in N2-saturated 5 mM HClO4 with 0.2 M
LiClO4 as supporting electrolyte and its potential was cycled
in the range −0.3–0.9 V vs. SCE at 0.1 V s−1 until a repro-
ducible CV was obtained. Then, the N2 bubbler was retired
from the cell (to prevent agitation) and a blanket of N2 atmo-
sphere was kept over the solution. Under these conditions, the
electrode potential was held at −0.2 V vs. SCE for 5 s, and a
linear potential scan was applied in cathodic direction at

0.1 V s−1 from −0.2 V down to a potential between −0.8 and
−1.2 V vs. SCE (depending on the analyzed electrode). The
linear scan was repeated at least three times to verify the
reproducibility of the resulting voltammograms.

Results and discussion

Morphological characterization

Fig. 1 shows large-area STM images of Pt NPEs prepared
using different ts and Is values. These images qualitatively
illustrate the effects of ts and Is on the fraction of area that is
covered by Pt. Bymodifying these two operative parameters it
is possible to vary the morphological properties of the ensem-
bles from very disperse isolated nanoparticles (low values of ts
and/or Is) to continuous films conformed by agglomerated
nanoparticles (high values of ts and/or Is). The number density
of particles on the surface (ρNP) of each sample, defined as the
number of particles per geometric area (ρNP=NNP/Ag), was
measured by counting the particles in several STM images
measured over areas of 250 nm×250 nm. The resulting mean
values are plotted in Fig. 2 as a function of ts and Is. The
sputtering current is directly related to the flux of Ar+ ions
toward the cathode, so it affects the amount of expelled
material. Thus, by increasing its value at constant time, the
amount of deposited particles per unit area increases. The
same situation occurs when the deposition time is increased
at constant current. It is important to note that the best control
on the number density of particles on the surface is obtained
when using low currents (≤10 mA), since under these condi-
tions, the deposition rate is smaller and the resulting coverage
is more sensitive to the sputtering time. When using low
currents for short deposition periods, the NPs are highly
dispersed. This type of ensemble with isolated clusters is the
most interesting configuration for evaluating the electrocata-
lytic activity of individual NPs. For values of Is≤10 mA, the
features of the resulting ensembles were reproducible at con-
stant sputtering times. When using larger Is values (>10 mA)
the number density of particles on the ensembles resulted less
repetitive for identical sputtering times.

The shapes and sizes of the deposited nanostructures were
analyzed from STM images acquired over smaller areas
(100 nm×100 nm or smaller) as those shown in Fig. 3(a).
As it is better observed in the three-dimensional (3D) STM
image shown in Fig. 3(b), the nanostructures developed as
flattened clusters, whose apparent shapes could be approxi-
mated to oblate hemispheroids (see a scheme in Fig. 3(c)). The
lateral widths (w) were larger than the heights (h), and both
were estimated from STM line profiles traced over each
individual nanoparticle. These values are presented in the
histograms in Fig. 4. Both the sputtering time and the
sputtering current had strong effects on the mean width value
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estimated by STM (wSTM), which increased from 2 nm to
almost 15 nm as Is and/or ts were raised. On the contrary,
neither Is nor ts had appreciable effect on the value of h, which
varied in the range 0.8–1.2 nm with a very narrow dispersion
[these values were also confirmed by atomic force microscopy
(AFM)]. Thus, an increase of either of these two parameters
produced the growing of the NPs only in lateral direction. The
two-dimensional (2D) development of metal deposits from
clusters impacting from the gas phase has already been exper-
imentally observed [44] and theoretically modeled [45, 46].
The energy and size of the clusters seem to be the key factors
that affect the final morphology of the sputtered nanostruc-
tures [45, 47–49]. The ratio between the kinetic energy of the
cluster at the time of impact and its size is the main parameter
that determines the adhesion of the cluster to the carbon

surface, since pinning seems to occur when the cluster has
enough energy (known as pinning threshold energy [47, 48,
50]) to displace a carbon atom from the surface creating a
defect. On that sense, clusters landing on the surface of basal-
plane graphite may then follow at least three possible ways:
they can be strongly attached to the surface (if the energy is
higher than the pinning threshold value), be expelled back to
the gas phase, or agglomerate with previously deposited clus-
ters either by impacting directly on them or by diffusing over
the carbon surface toward the cluster edges [44, 50–52].
Although the cluster shape tends to flatten upon impact [45,
46], the mechanism of aggregation by surface diffusion is in
fact the main responsible for the 2D (or island-like) develop-
ment of deposits via the impact of clusters from the gas phase
[49–52].

Fig. 1 STM images of Pt NPEs prepared using different sputtering conditions. Sputtering currents are indicated at the left, while sputtering times are
indicated on each image. Tunnel parameters: bias=0.3–1 V; current=0.5–1.0 nA
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From this analysis, it can be concluded that by fixing
the sputtering current at a low enough value, the nano-
particle coverage and lateral diameters can be well
controlled by changing the sputtering time over a wide
interval (i.e., for Is=10 mA, ts can be increased up to

more than 60 s before full coverage is reached). Thus,
further studies were carried out on ensembles prepared
using Is=10 mA.

As a matter of fact, it is well known that STM analysis of
lateral diameters may lead to inaccurate values [27, 53]. Thus,

Fig. 2 Number density of NPs
(ρNP) on the surface measured
from STM images as a function of
the sputtering time for different
sputtering currents

Fig. 3 a High-magnification STM images of Pt NPEs deposited at the
following sputtering conditions: Is, ts=30 mA, 1 s (i); 20 mA, 2 s (ii);
10 mA, 20 s (iii); 10 mA, 60 s (iv), and line profiles taken across the

marked lines. b 150 nm×150 nm 3D STM image of a Pt NPE showing
the shapes of the nanostructures. Sputtering parameters: Is=10 mA, ts=
5 s. c Schematics of an oblate hemispheroid
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as the wSTM values may not be fully reliable, this work reports
a procedure to carry out a better estimation ofw by combining
information from STM (about the nanoparticle shape and
dispersion) with data from another independent technique. A
similar strategy was used in reported studies that combined
STM/transmission electron microscopy (TEM) [27] and
STM/X-ray photoelectron spectroscopy (XPS) [28]. More
precisely, as it is described below, the Pt surface areas mea-
sured by an electrochemical technique (i.e., anodic stripping
of adsorbed CO [42]) are combined with STM data to fully
characterize the morphological features of these Pt ensembles.
CVs measured in 0.5 M H2SO4 on representative HOPG-
supported Pt NPEs with different dispersions are shown in
Fig. 5. These CVs were stable in this acid medium, and no
appreciable deactivation was detected upon cycling the poten-
tial. The voltammetric response of HOPG is dominant in CVs
of ensembles with low Pt coverage, and the typical
voltammetric features of this metal are barely observed over
this response. As the coverage of Pt increases, the pseudo-
capacitive processes typical of Pt [54] becomemore important
and are dominant in the CVs of ensembles with high Pt
coverage. As the voltammetric perturbations applied on NP-
based electrodes may cause morphological modifications on
the original NP properties, the stability of the morphological
features of the Pt NPEs upon potential cycling in acid was

analyzed. The evaluation of the ensembles by STM before and
after voltammetric studies showed that as long as the NPs
were sufficiently dispersed, no detectable modifications of
particle sizes were produced by potential cycling. However,
in ensembles where NPs were agglomerated as continuous
films, the potential cycling produced a clear sintering of the
individual metallic clusters into larger particles. Thus, the
combined characterization by voltammetry and STM (per-
formed prior to the electrochemical test) is only applicable
on dispersed ensembles.

The value of APt can be estimated from the voltammetric
charge for electrooxidation of a species that adsorbs specifi-
cally on the metal surface but not on the carbon support. For
polycrystalline Pt, the use of the charge for electrooxidation of
irreversibly adsorbed COmonolayer [42] is a well-established
experimental method. This method is particularly useful when
Pt is supported on a conductive substrate that also contributes
to the voltammetric current through capacitive and pseudo-
capacitive processes. The CO-stripping peak is sharp and the
background can be readily measured and subtracted, which
increases the detection limit. Thus, the Pt areas of the ensem-
bles prepared using different sputtering times were measured
by CO electrooxidation, as it was described in the
“Experimental” section. Some voltammograms that are repre-
sentative of the different fabrication conditions are shown in

Fig. 4 Histograms with NP
height (h) and lateral diameter
(wSTM) distributions measured by
STM on Pt NPEs prepared using
different sputtering conditions. a
Is variable, ts=10 s. b Is=10 mA,
ts variable
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Fig. 6. The electrooxidation of CO occurred in the first anodic
scan in the potential range 0.75 V<E vs. RHE<1.2 V, either as
a single peak or as multiple peaks. The following potential
scans show the stable voltammetric response of the HOPG-
supported Pt nanoparticles in CO-free sulfuric acid solution.
The CO oxidation peaks are very small but still detectable in
the CVs of ensembles with low Pt coverage and allowed the
quantification of the charge. The presence of multiple peaks,
some of which appear at very anodic potentials, has already
been reported for Pt NPs on different supports such as graphite
[42, 55–57] and gold [6, 58, 59]. The causes of such a
behavior still are controversial and constitute an issue that is
being deeply investigated at present [60]. The existence of
several peaks was explained with different arguments, such as
effects caused by differences in surface and crystallographic
structure of single NPs [42, 55, 58, 59], morphological [61]
and surface defects in agglomerated NPs [57], among others.
Besides, the shift of the peak potential toward such anodic
values seems to be typical of isolated (or nonagglomerated)
NPs in ensembles with low Pt coverage [6]. Independently of
the origin of this response, the CO oxidation charges

calculated from the integration of the background-subtracted
first voltammetric scan allowed to estimate the APt values.
Thus, the value of APt was calculated from the measured
charge as q (microcoulumb)/286 μC cm−2, which takes into
account that a full monolayer of CO covers approximately
68% of the total Pt active sites [43]. These values were used to
calculate the fractions of Pt active area (faa=APt/Ag) that are
shown in Fig. 7. The faa(ts) tendency shows an induction time
(for ts≤10 s) before faa starts to evidence a strong dependency
on ts. The sputtering of metal targets produces gas-phase metal
clusters with a wide range of sizes and energies [34, 62]. Thus,
only a fraction of the ejected particles is attached to the
graphite surface during the first deposition stages, which
causes the observed induction time. Upon deposition of the
first metal nuclei, growing of 2D nanostructures is favored by
agglomeration via surface diffusion of the metal clusters
[44, 49–52], causing an increase of the faa growing rate.
Once the surface becomes almost totally covered by the
particles (faa>1), the faa value keeps growing upon increasing

Fig. 5 CVs of HOPG-supported Pt NPE electrodes in 0.5 M H2SO4.
Scan rate: 0.1 V s−1. Sputtering conditions: Is=10 mA, ts=0 s (a), 5 s (b),
10 s (c), 15 s (d), 20 s (e), 40 s (f), and 60 s (g). The current scale is
indicated for each CV

Fig. 6 CO-stripping CVs of HOPG-supported Pt NPE electrodes in
0.5 M H2SO4 saturated with N2. Scan rate: 0.05 V s−1. Sputtering
conditions: Is=10 mA, ts=0 s (a), 5 s (b), 10 s (c), 20 s (d), 25 s (e),
40 s (f), and 60 s (g). The current scale is indicated for each CV.
Conditions of CO adsorption: 0.05 V vs. RHE for 15 min
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the sputtering time (although at a smaller rate) due to an
enlargement of the film thickness.

The geometry of Pt nanostructures grown by sputtering on
HOPG can be approximated by an oblate hemispheroidal
shape with height of ~1 nm (as measured by STM and con-
firmed by AFM) and uncertain values of lateral diameters.
Then, the surface area of the NPs (ANP) can be estimated
according to Eq. (1) [63], where r=w/2. On the other hand,
the fraction of Pt active area measured by CO oxidation can be
written in terms of the number density of NPs on the surface
measured by STM and of the NP area according to Eq. (2).

ANP ¼ πr r þ h2
ffiffiffiffiffiffiffiffiffiffiffi

r2−h2
p ln

r þ
ffiffiffiffiffiffiffiffiffiffiffi

r2−h2
p

r−
ffiffiffiffiffiffiffiffiffiffiffi

r2−h2
p

 !( )

ð1Þ

f aa ¼ ρNPANP ð2Þ

Thus, from these two equations, an estimation of the lateral
diameter values can be done. The dependence of these calcu-
lated w values on the sputtering conditions is shown in Fig. 8,
which is compared with the corresponding dependence of the
wSTM values. The wSTM values measured on ensembles with
large NP coverage (ts>30 s) were, in general, smaller than
those calculated, which could be related to the inability of the
STM tip to sample the complete profiles of nearly overlapped
NPs. On the other hand, in the ensembles with low fractions of
Pt (ts<30 s), where the STM tips were capable to resolve the
shapes of the individual NPs, the calculated widths were
between 2 and 3 nm smaller than the wSTM values. This
difference might be due to the effect of the tip size [27, 53],
although the possibility of an underestimation of the APt value

by using the CO-stripping charge at low Pt coverage cannot be
totally discarded.

Voltammetric analysis of hydrogen evolution

The hydrogen evolution reaction (her), defined in acid medi-
um by Eq. (3), is probably one of the most studied electrocat-
alytic processes;

Hþ þ e−⇆1=2 H2 ð3Þ
Its reaction rate is strongly affected by the nature of the

catalyst material, being very high on Pt and almost null on
graphite. In acid conditions with low H+ concentration (CH+<
0.05 M), mass transport of H+ makes an important contribution
to the electrode current. Many reports have shown that, under
these pH conditions, the her is controlled by the diffusion of H+

Fig. 7 Fractions of Pt electroactive area calculated from the CO-stripping
charge (solid symbols) measured on Pt NPEs prepared using different
sputtering times and Is=10 mA. Open symbols are faa values calculated
from h, wSTM, and ρNP measured by STM using Eqs. (1) and (2). The
solid line is just a trend line

Fig. 8 Lateral diameters of Pt NPs calculated combining STM and CO-
stripping information using Eqs. (1) and (2) (solid symbols). The wSTM

values were included for comparison (open symbols). The solid line is just
a trend line

Fig. 9 LSVs of hydrogen evolution measured on Pt NPEs. Is=10 mA
and ts=5 s (a), 10 s (b), 15 s (c), 30 s (d), and on a Pt foil (e). Solution:
5 mM HClO4–0.2 M LiClO4 saturated with N2. Scan rate: 0.1 V s−1
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[64, 65]. Thus, a linear sweep of the potential of a
macroelectrode over the hydrogen evolution region shows a
current peak that is associated to the mass transport of H+ by
diffusion [64]. To analyze how this behavior can be manipulat-
ed through the sputtering conditions on HOPG-supported Pt
NPEs with different faa values, linear sweep voltammograms
(LSVs) were measured in slightly acid solution (CH+=5 mM),
which are shown in Fig. 9. The LSVof a smooth Pt electrode
shows the typical response that was previously reported [64].
On the other hand, the LSVs of the Pt NPEs fabricated using
Is=10 mA and different ts values show that the peak current
decreases and the peak potential shifts to more cathodic values
as the fraction of Pt becomes smaller. This behavior is typical of
electrodes with partially active surfaces [12], and it is related to
the variations of the mass transport process toward the dis-
persed nanoparticles as faa changes. Even though these results
illustrate the behavior of sputtered Pt NPE electrodes in an
electrocatalyzed reaction that operates under mixed control,
modeling of LSVs for this type of reaction is a rather challeng-
ing problem. The model should involve the contributions of the
reaction kinetics (which includes three elementary steps and
one adsorbed intermediate [14, 65]) and of the pseudo-
capacitive transient processes [66], in addition to the time-
dependent mass transport of protons, which convolutes linear
(toward the whole electrode) and radial (toward the NPs) con-
tributions [11–14].

Conclusions

Ensembles of Pt nanoparticles on flat surfaces with varied
particle sizes and fractions of metal coverage can be fabricated
by the described short-pulse sputteringmethod. The technique
requires affordable instrumentation and its implementation is
quite simple. This work demonstrates that when using the
sputtering process for sufficiently short times and low cur-
rents, it becomes a particularly simple and well-controlled
technique for obtaining bidimensional random ensembles of
nanoparticles whose morphological features (particularly the
coverage) can be varied at will. The level of control on the
particle size and coverage that can be achieved with this
simple procedure is remarkable.

HOPG-supported Pt NPE electrodes were fully character-
ized by a combination of information from STM (particle
shape and height and number density of particles) and from
electrochemical methods for evaluating the electroactive area
(stripping of an adsorbed CO monolayer). This approach
proved to be very effective to determine the main morpholog-
ical parameters of the ensembles, such as the fraction of metal
area and the mean particle size, which are required for further
applications of the ensembles as electrodes in kinetic studies.
From this analysis, it was verified that the sputtered Pt clusters
deposit on HOPG inducing a bidimensional growing of the

nanoparticles. Thus, the NPs have flattened shapes with in-
variable heights (1±0.2 nm) and lateral diameters that can be
increased from near 2 nm to almost 15 nm by raising the
sputtering time (ts) and/or current (Is). Besides, by setting Is at
a low enough value (i.e., 10 mA), the fraction of metal area
can be increased from 10−3 to near full coverage by raising the
ts value from 2 to 60 s.

The applicability of these ensembles for studying
electrocatalyzed reactions was explored by evaluating the
hydrogen evolution reaction on HOPG-supported Pt NPE
electrodes in slightly acid solutions through linear sweep
voltammetry. The degree of NP dispersion was varied by
means of the sputtering parameters producing a marked effect
on the mass transport conditions, which can be exploited to
magnify the contributions of the kinetic and mechanistic
features.
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