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A new method based on transformation of magnetron sputtered platinum thin films into platinum nanostruc-
tures enclosed by high-index facets, using electrochemical potential cycling in a twin working electrode system
is reported. The controllable formation of various Pt nanostructures, described in this paper, indicates that this
method can be used to control a selective growth of high purity Pt nanostructures with specific shapes (facets
or edges). The method opens up new possibilities for electrochemical preparation of nanostructured Pt catalysts
at high yield.
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1. Introduction

Noble metal nanocrystals (NCs) have received attention from scien-
tists over the past few years because of their broad applications in catal-
ysis [1–3]. Ability to control NCs size, shape, crystallinity, and
composition provides opportunity to tune their catalytic activity and se-
lectivity [4–9]. The performance of nanocrystals used as catalysts de-
pends strongly on their surface structure, particularly facets enclosing
the crystals. It was shown that Pt high-index planes with open surface
structure exhibit much higher reactivity in comparison to (111) or
(100) close-packed low-index planes because high-index planes have
a large density of atomic steps, edges, kinks, which are especially impor-
tant in catalytic reactions [10,11]. Thus, the metal nanoparticles or
nanostructures with high-index facets represent novel and very prom-
ising types of catalysts. However, it is challenging to synthesize shape-
controlled high-index facets NCs, which are in general thermodynami-
cally unfavorable [12].

Over the past decade, many methods have been developed to pro-
duce noble metal NCs enclosed by high-index facets in well-controlled
way [13]. The most remarkable progress, however, has been made
using electrochemical methods in recent years. Pt triambic icosahedral
nanocrystals enclosed by {771} high-index facets, electrochemically de-
posited from H2PtCl6 solution and shape-controlled exhibited higher
electrocatalytic activity and stability towards ethanol electrooxidation
than a commercial Pt black catalyst [14]. Platinum dendrites enclosed
by {331} facets were prepared using similar method for methanol cata-
lytic combustion [15]. Tian et al. made a breakthrough in synthesis of Pt
nanocrystals enclosed by high-index facets by developing an electro-
chemical method that transforms Pt nanospheres into shaped Pt NCs
by using square-wave potential cycling [12]. Tetrahexahedral (THH)
Pt nanoparticles enclosed by the {730}, {210}, {520} planes were pre-
pared using this technique and showed high reactivity and stability.
Moreover, trapezohedron enclosed by {522} facets [16], concave
hexoctahedron by {321} and multiple twinned nanocrystals [17] were
prepared by similar methods. However, from the practical applications
point of view, it is still important to innovate synthesis technologies,
which would enable to better control size, shape and yield as well as
to involve different support substrates etc.

Herein we report a novel method for transformation of magnetron
sputtered Pt thin films into Pt nanostructures enclosed by high-index
facets, based on electrochemical square-wave potential cycling by
using so-called twin working electrode (TWE) system. Contrary to pre-
viousworks, based on transformation of structures as deposited on suit-
able substrate [12,17], our method allows to transform materials by
transferring it from a one part (source) to another part (target) of the
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working electrode in the form of nanostructures. This arrangement of
the TWE system avoids the formation of any leftovers of untransformed
Pt on the target part because it remains on the source part of TWE,
which broadens horizons for future applications, e.g. deposition of
nanostructures with high yield on different catalyst supports.

2. Materials and methods

2.1. Synthesis and materials

Electrochemical preparation of platinum nanostructureswas carried
out in a specially designed three-electrode electrochemical cell sche-
matically shown in Fig. 1. It consists of a Pt ring wire counter electrode,
a leak-free Ag/AgCl reference electrode (Innovative Instruments, Inc.)
and a twin working electrode. The electrochemical cell was filled with
0.1 M H2SO4 solution prepared using deionized water (18.5 MΩ) and
95% pure H2SO4 acid (Sigma Aldrich).

A 50 nm platinum film sputter-deposited on a microporous carbon
support (MCS, SGL TECHNOLOGIES GmbH, Sigratec GDL 25 BCE) (see
Fig. S1) served as a source part of TWE in our setup. The deposition of
Pt film was carried out using a DC operated magnetron from a 2 in. Pt
target in Ar atmosphere with total pressure of 6 × 10−1 Pa.

A HOPG plate used as a substrate for deposition of nanostructures,
served as the target part of the TWE. The trick is that the target part
was mechanically attached to the source part, forming together TWE,
as shown in Fig. 1. It should be noted that in this setup the TWE must
be porous at least on one side in order to ensure the access of the elec-
trolyte to the interface between the source and target parts.

The TWE system was then subjected to a series of oxidation/reduc-
tion square-wave potential cycles (3000 cycles) at frequency of 0.5 Hz
using SP-150 Potentiostat (BioLogic Science Instruments).

2.2. Characterization techniques

Morphology of Pt nanostructures was examined by means of scan-
ning electron microscopy (SEM) using a MIRA 3 Tescan microscope at
30 keV electron beam energy. Energy-dispersive X-ray spectroscopy
(EDS) was done using a Bruker XFlash detector mounted directly into
SEM. The crystallographic structure of Pt nanostructures was observed
by transmission electron microscopy (TEM) using a 200 kV JEOL
2100F microscope with a Scherzer resolution of 0.19 nm.
Fig. 1. Schematic illustration of twin workin
3. Results and discussions

The electrochemical square-wave potential method has one unique
characteristic – it involves periodic oxidation/reduction of platinum,
which leads to the interplay between its dissolution and nucleation.
During the oxidation part of cycling (EU), the Pt film on the MCS sub-
strate is oxidized and Pt atoms are partially dissolved in form of Pt2+

ions [12], filling the solution between electrodes. During the reduction
part of cycling (EL), the Pt2+ species are electroreduced to Pt atoms on
both electrode parts, as the HOPG plate is in a direct contact with
MCS, i.e. at the samepotential. These two periodically repeated process-
es determine the growth of the platinum nanostructures on the HOPG
substrate. An EDS spectrum in Fig. S2 confirms that Pt nanostructures,
prepared in such way are composed of only Pt without any impurities.

The control of oxidation (EU) and reduction (EL) potentials is very
important for a successful preparation of Pt nanostructures, using
square-wave potential cycling [14,15,19,20]. Therefore, the set of exper-
iments was carried out with the aim to investigate the potential depen-
dence of Pt nanostructures formation. Cyclic voltammetry was used for
determination of EU and EL in our setup in order to avoid oxygen and hy-
drogen evolution (see Fig. S3). It is important to note that all mentioned
potentials are versus Ag/AgCl reference electrode. First, the synthesis of
Pt nanostructures was implemented for various values of EU, by keeping
UL constant at−0.3 V.

Fig. 2 illustrates a set of SEM images of Pt nanostructures, showing an
evolution of the morphology and surface coverage with increasing EU.
Randomly oriented cubes with the size of about 70 nm were formed
on the HOPG surface at EU = 1.0 V (sample A). With increasing EU to
1.1 V, we observed variously shaped particles about 100 nm in size
(sample B). Some of these particles have the shape somehow similar
to the THH Pt NCs, reported earlier [12], although our particles exhibit
more defects. As EU becomes more positive, i.e. 1.2 and 1.3 V, the prod-
ucts consist of mixed nanostructures with larger size, containing irregu-
lar nanoparticles and small nanorods (samples C andD, respectively). At
1.4 V, the formation of nanorods becomesmore pronounced (sample E).
In this case the length of nanorods is about 250 nm and the average di-
ameter is about 100 nm.

The most important information is that except for differences in
shape of the nanostructures, an increase of EU leads to increasing
amount of deposited Pt, i.e. to higher Pt coverages. This is evident
from the SEM images taken at lower magnification (see upper images
in Fig. 2). It means that higher oxidation potentials induce higher
g electrode (TWE) deposition system.



Fig. 2. SEM images of platinum nanostructures electrochemically prepared by square wave potential cycling at fixed EL =−0.3 V as a function of oxidation potential: (A) EU = 1.0 V; (B)
EU = 1.1 V; (C) EU = 1.2 V; (D) EU = 1.3 V; (E) EU = 1.4 V. The view field of upper and bottom images is 50 μm and 2 μm, respectively.
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amount of platinum to dissolve into the solution, and subsequently
higher mass transport, which is in agreement with other data in the lit-
erature [18]. Higher coverage of Pt nanostructures was observed for
samples D and E. For that reason, 1.4 V was chosen as fixed EU for sub-
sequent investigation of the influence of EL on the morphology of Pt
nanostructures.

Fig. 3 represents the SEM images of Pt nanostructures generated at
different EL and fixed EU (1.4 V), under the same experimental condi-
tions as in the previous experiment. At EL = −0.2 V the formation of
Pt nanorods with the length of about 500 nm and the average diameter
of about 100 nm was observed (sample F). The structure of the nano-
rods looks similar to fivefold twinned Pt nanorods enclosed by high-
index facets, prepared from Pt nanospheres using square-wave poten-
tial cycling [17]. Interestingly, the yield of these Pt nanorods was
about 30% and the rest of platinum formed irregular nanostructures
grown from residual parts of Pt nanospheres. In our case, due to the spe-
cial twin electrode setup, the yield of Pt nanorods is substantially higher
and they are not mixed with any residual Pt structures on the target
HOPG substrate. Upon further increase of EL to −0.1 V, nanorods be-
come thinner (50 nm in diameter) and shorter (250 nm in length)
(sample G in Fig. 3). Interestingly, the dendritic nanostructures were
formed exclusively at EL=0V (sampleH).When EL exceeds 0V, neither
Fig. 3. SEM images of platinum nanostructures electrochemically prepared by square wave pote
EL = −0.1 V; (H) EL = 0 V; (I) EL = +0.1 V; (J) EL = +0.2 V. The view field of upper and bot
nanorods nor Pt dendritic structures were produced; instead, the prod-
ucts consisted of mixed irregular Pt particles of very small coverage
(samples I and J) [21]. However, a few imperfect dendritic nanostruc-
tures were still observed at EL = 0.1 V (sample I).

A thorough inspection of all above presented samples proved that
morphology of Pt nanostructures, electrochemically prepared in the
TWE system is highly dependent on EU and EL potentials. By tuning
the dynamic interplay between Pt dissolution process at EU and plati-
num redeposition at EL, we are able to tailor particle shape and cover-
ages and thus controllably produce Pt nanostructures.

The sample H was chosen as the most interesting one for further
characterization as dendritic structures possess high surface area,
sharp edges and homogeneous shape distribution, which predetermine
them for application in catalysis. In Fig. 4 high resolution (HR) SEM and
HRTEM images of the sample H are plotted. Fig. 4a shows a SEM image
of a platinum nanodendrites assembly, indicating that dendrites grow
to different directions from one nucleation core, apparently formed at
the early stage of the growth. From magnified SEM image in Fig. 4b it
is clearly seen that each dendrite consists of one trunk and series of
branches, which are parallel to each other and situated in the same
plane as the trunk. The HRTEM image, taken from the area labelled c
in Fig. 4b, shows the crystallographic structure of the tip of one
ntial cycling at fixed EU = 1.4 V as a function of reduction potential: (F) EL =−0.2 V; (G)
tom images is 50 μm and 2 μm, respectively.



Fig. 4. High resolution SEM and HRTEM images of the sample H.
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individual branch of the dendritic nanostructure (Fig. 4c). It clearly re-
veals a well ordered crystalline structure. The measured angles and lat-
tice spacing of 0.23 nm, marked by white lines, and 0.19 nm,marked by
yellow lines, correspond to the distances between the Pt {111} and
{200} planes, respectively. The HRTEM image, thus, clearly indicates
that the branch of the dendritic nanostructure grows in the [111]
direction.

The HRTEM image of the highlighted region in Fig. 4c presented in
Fig. 4d shows a lattice structure of the edge of dendrite branch. An inter-
facial angle of 29.4° measured between the edge facet and the {111}
plane is in good agreementwith a theoretical value of 29.4° correspond-
ing to the angle between {311} and {111} facets. The atomic arrange-
ment of the Pt (311) surface is periodically composed of the (200) and
(111) terraces, forming a stepped structure [22] which is consistent
with the atomic arrangement of the edge steps, shown in Fig. 4d. Fig.
4e, in turn, shows HRTEM image taken from the area labelled e in Fig.
4b i.e. the tip of the dendrite trunk. The growth direction wasmeasured
to be [110]. Based on above results, we can determine two preferential
growth directions in case of the sample H: the growth direction of the
nanostructures trunk is [110], while the growth of its individual
branches is along the [111] direction (see model in Fig. 4f).

It is well known that the nucleation process determines the growth
of shaped metal nanostructures. In order to gain a clear picture of Pt
nanostructures growth, we followed the growth of the sample H from
the very first steps. In addition to the sample H, we provided the same
experiment on the sample G, in order to understand formation process
of nanostructureswith different shapes.We prepared series of interme-
diate nanostructures by controlling the deposition time i.e. the number



Fig. 5. Shape evolution of Pt nanostructures as a function of deposition time (number of cycles): a) sample G and b) sample H.
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of oxidation/reduction square-wave potential cycles (from 100 to
3000). Fig. 5a shows the shape evolution of the sample G during square
potential cycling, measured by SEM.

At the very beginning of the growth (100 cycles) small cubic nano-
particles are formed (for better detail see Fig. S4). Upon increasing num-
ber of cycles, we observed morphological transformation of the small
cubes to concave cubes of larger sizes. An overgrowth of Pt nanocube
nuclei along their corners and ridges, i.e. along [111] and [110] direc-
tions, respectively, is occurring due to faster growth of sharp edges, cap-
turing a larger amount of Pt ions from solution [23]. The further NPs
growth is determined by these directions. In case of the sample H, the
shape of nanocrystals formedduring nucleation phase is completely dif-
ferent (Fig. 5b). At the early stage of the growth (100 cycles) small
nanoparticles are formed and then transformed to rhombic dodecahe-
dron (RD) nanocrystals with increasing number of cycles (for better de-
tail see Fig. S5). Indeed, it can be seen from Fig. 5b that the dendritic
nanostructures growth is determined by RD because they start to
grow directly from the RD ridges.

At the beginning of the nanostructure growth, Pt ions formed on the
source electrode are electro-reduced and nucleate on the HOPG sub-
strate at each oxidation/reduction cycle, forming Pt nanoparticles.
These nanoparticles become the seeds for further growth of nanostruc-
tures. In Fig. 5 it can be seen that the shape of the nanocrystals varies
with applied reduction potential from a cube, for the sample G
(EL =−0.1 V, EU = 1.4 V), to a rhombic dodecahedron, for the sample
H (EL = 0 V, EU = 1.4 V). Such evolution of the NCs shape induced by
different EL and EU during square-wave potential cycling was explained
through the simultaneously acting place-exchange mechanism be-
tween platinum and oxygen atoms, oxidative etching at EU and growth
rate at EL [19]. Further increase of the potential cycling time would lead
to overgrowth of shapednanocrystals. Since the pulse frequency used in
our experiment is relatively low (0.5 Hz), the observed overgrowth can
be explained in terms of classical theory of the electrodeposition from
an electrolyte at each cycle [15]. According to the theory, higher concen-
tration of deposited metal ions is formed in the electrolyte near the
sharp parts of nanocrystals than near their flat parts, due to the effect
of so-called spherical diffusion layers [24–26], which results in hetero-
geneity of the growth. Indeed, upon further increasing of deposition
time, we observed preferential growth of sharp features (Fig. 5). In
case of the sample H, however, we observed more than one growth di-
rections, which led to the formation of dendrite-like nanostructures.
Dendritic growth is the part of the theory of electrodeposition, when
during the growth protrusions occur [25,26] which act as a source for
the formation of secondary spherical diffusion layers and thus would
overgrow simultaneously with the growth of the main stem, causing
the formation of branched nanostructures. Generally, dendrite forma-
tion depends on many factors such as a concentration of ions in the so-
lution [26,27], applied potential [15,28,29], stabilization agents [30,31],
potential cycling frequency [32] etc. Since in our setup we do not have
any stabilization agents and cycling frequencywas equal for all samples,
we can conclude that the reduction potential EL plays the key role in the
formation of different Pt nanostructures. If EL ismore positive (note that
more positive potential is equivalent to lower overpotential in cathodic
deposition), nucleation rate is lower, which leads to Pt atomsmore like-
ly to migrate from regions with high surface energy to regions with
lower surface energy, forming therefore thermodynamically more fa-
vorable shapes. This explains formation of irregular nanocrystals in
the case of sample J and I, where the lowest overpotential values were
applied (Fig. 3). As the EL decreases towards more negative values, the
reduction rate becomes higher and limits surface diffusion, which
leads to only sharp parts overgrowth. However, some protrusions are
still formed, thus facilitating Pt dendrites formation in case of the sam-
ple H. Further increase of overpotential would limit the diffusion even
more, causing ions deposition only on sharp parts, where the electric
field is higher, resulting in nanorod-shape growth as observed in case
of samples G and F (Fig. 3). At the same time, the unique characteristic
of the electrochemical square-wave potential cycling would result in
the formation of high-index facets. In literature it has been reported
that low-index facets are unstable in square-wave potential conditions
and could be deconstructed by periodic adsorption and desorption of
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oxygen, formingmore stable high-index facets [12,19,33]. Likewise, the
observation of the {311} facets of the dendritic branches in our experi-
ment is in accordance with the abovementioned mechanism.

4. Conclusions

In this work we have presented specially designed twin working
electrode (TWE) system which allows transforming Pt thin films into
various three-dimensional Pt nanostructures by means of square-
wave potential cycling. It was shown that by tuning the dynamic inter-
play between oxidation and reduction potentials it is possible to tailor
nanostructures shapes and coverages. Moreover, the nanostructures
were found to be enclosed by thermodynamically unfavorable high-
index facets, which mean that high densities of atomic steps, edges,
and kinks are exposed on their surfaces. The described controllable for-
mation of nanostructures indicates that the proposed method can be
applied to achieve the selective growth of high purity Pt nanostructures
with specific shapes (facets or edges).

Usage of magnetron sputtering for preparation of the source elec-
trode is of particular interest because it can be used to homogeneously
coat large areas with any material. Together with the simple TWE con-
figuration it makes the setup potentially suitable for production of
nanostructures supported on larger carbon substrates. Moreover, this
inexpensive and relatively fast route can be extended to synthesize
nanostructures of other noble materials as well as usage of different
supports, which makes the described method a versatile way to create
electrodes for various applications in the fields of catalysis.
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