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configurations were synthesized by means of a seeded growth procedure using platinum

nanodendrites as seeds. Careful control of the reduction kinetics of the gold precursor can be
used to direct the nucleation and growth of gold nanoparticles on either one or multiple surface
sites simultaneously, leading to the formation of either dimers or core-satellite nanoparticles,
respectively, in high yields. Characterization by electron tomography and high resolution
electron microscopy provided a better understanding of the actual three-dimensional particle
morphology, as well as the Au-Pt interface, revealing quasi-epitaxial growth of Au on Pt. The
prepared Pt-Au bimetallic nanostructures are highly efficient catalysts for ethanol oxidation in
alkaline solution, showing accurate selectivity, high sensitivity, and improved efficiency by
generating higher current densities than their monometallic counterparts.

Introduction

Bimetallic nanomaterials are of great interest, as they display
multiple functionalities and superior catalytic activity, selectivity and
stability over monometallic ones.* They perform not only a simple
combination or improvement of the properties attributed to their
single metal counterparts, but new properties may also arise, due to
synergic effects, thus broadening the potential application fields.?
Reported architectures for bimetallic nanostructures include crown-
jewel structures, as well as hollow shapes, heterostructured dimers,
alloys, core-shell, core-satellite, hybrid and porous
configurations.*** A number of recent review articles have
summarized the wide range of existing synthetic protocols,
associated properties and uses of bimetallic nanostructures.”**

Generally, heterostructured nanoparticles are obtained by seeded
growth methods, i.e. the growth of a second metal on preformed
metal nanoparticles. The final configuration of a bimetallic structure
is governed mainly through kinetic control in the reaction pot, which
can be carried out by slowing down the reduction rate of a salt
precursor. A weaker reductant, a more stable precursor, lower
temperature, a decreased reagent concentration or a combination of
these parameters can be used for this purpose.’? Particularly, the
synthesis of dimer and core-satellite structures relies on promoting
heterogeneous nucleation.

Focusing on Pt-Au heterostructures, several studies have reported
the synthesis of dimers based on the nucleation and growth of Au on
Pt seeds.”®™® The lattice spacing of both metals is generally matched
at the interface to lower the energy required for overgrowth of the
second component.’® Other configurations, showing homogeneous
distribution of both metals throughout the whole nanostructure
volume, such as PtAu nanotubes'’ as well as Pt-Au nanocages*® have
been very recently reported. However, heterostructured dimers and
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multimers of Pt-Au in particular possess a larger amount of catalytic
sites that can be employed for sensing, electron transport or
catalysis, thanks to the coupling effect resulting from interfaces
between two or more distinct types of metallic crystals directly
exposed to the solution.™®

We describe in this paper the tailored, high yield synthesis of Pt-
Au nanodimers and Pt@Au core-satellite nanostructures in aqueous
medium. Pre-synthesized Pt nanodendrites were used as seeds and
two different protocols were used for Au deposition, with distinct
nucleation and growth kinetic modes. Characterization by advanced
electron microscopy techniques (electron tomography, high
resolution transmission electron microscopy and scanning
transmission electron microscopy) enabled a better understanding of
the actual particle morphology and elucidation of their growth
patterns. The interface between Au and Pt was investigated to
provide evidence of epitaxial growth. This interface seems to have
an important influence on the electrocatalytic response of the Pt-Au
bimetallic nanoparticles. Both Pt-Au dimers and Pt@Au core-
satellite particles present an excellent electrocatalytic performance in
the ethanol oxidation reaction (EOR), which is improved as
compared to the corresponding behavior of either Pt dendrites or Au
particles on their own. Such differences reveal a very interesting and
unusual electrochemistry taking place at the surface of Pt@Au
dimers and Pt@Au core-satellite nanoparticles.

Results and discussion

Control over the morphology of Pt-Au heterostructures was
achieved by the selective nucleation of gold nanoparticles on Pt
nanodendrites. As illustrated in Scheme 1 two strategies were
followed to obtain Pt-Au dimers or Pt@Au core-satellites. Both
strategies were based on the heteronucleation (single-site or
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multiple-site) and subsequent growth of Au on preformed platinum
nanodendrites.?’ The main difference was the nature of the capping
agent (CTAB or PVP), which was found to play a fundamental role
on the Kkinetics of the process.

S

Pt dendrite

Pt@Au core-satellite

Scheme 1. Electron tomography rendering images showing the
morphology of Pt nanodendrites and the result of single-site and
multiple-site Au growth.

Platinum nanostructures of ca. 20 nm in diameter, with dendritic
morphology and two different porosity degrees (see Fig. S1, ESI)
were synthesized by thermolytic reduction of Pt(acac), in DMF, in
the presence of PEI?® As previously reported, by changing the
concentration of metal precursor Pt dendrites with different ratios of
branches volume to total volume (30 % and 22%) were obtained (see
ref. 20). The particles are also known to be polycrystalline, with
interconnected arms branching in various orientations.?’ The
presence of PEI on the particles surface provided a highly positive Z-
potential (+44 mV) and prolonged colloidal stability in water.

Pt-Au nanodimers

The synthesis of Pt-Au dimers was performed by addition of PEI-
stabilized Pt nanodendrites to an aqueous growth solution containing
HAuCl,, CTAB and ascorbic acid, which led to immediate
nucleation and growth of Au on the Pt seeds. The precise control of
the experimental conditions (see experimental part) allowed
selective control over Au nucleation and ultimately formation of Pt-
Au nanodimers in high yield. Fig. 1a shows a representative TEM
image of Pt-Au dimers prepared in the presence of 50 uL of Pt
medium-compact dendrites (Fig. Sla, ESI) with an average Au
particle size of ~ 20 nm. The yield for dimer formation is around
75% (Fig. S2, ESI). It should be pointed out that Pt-Au dimers in
high yield could also be obtained using Pt dendrites with different
degrees of porosity (data not shown). In addition, the Au particle
size could be tuned within a limited range by simply changing the
amount of Pt dendrite seeds. For example, Au particle size varied
from 20 to 10 nm by increasing the amount of added Pt from 50 to
125 uL. Beyond these limits either unattached Au nanoparticles with
a mixture of dimers, trimers and higher order nanostructures (for
lower Pt volumes), or single Pt nanodendrites (for higher Pt
volumes), together with a majority of Pt-Au dimers, were observed.
Interestingly, the dimers showed high colloidal stability, due to the
high positive -potential (+50 mV) provided by CTAB and PEI.
Regarding the optical properties of such Pt-Au nanodimers, the
extinction spectra show one band located around 530-540 nm
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corresponding to the localized surface plasmon resonance (LSPR) of
Au nanoparticles (Fig. S3, ESI).

LY

Fig. 1 a) Low-magnification TEM image of Pt-Au nanodimers, b) STEM
image of a Pt-Au nanodimer, ¢) HRTEM image of a Pt-Au nanodimer and d)
3D volume representation of a reconstructed Pt-Au nanodimer.

Finally, X-Ray photoelectron spectroscopy (XPS) was
performed to obtain information about the surface chemistry of
the dimers. Fig. S4a (ESI) shows a high resolution Au4f
spectrum where the Au 4f;, peak with binding energy of 83.6
eV was assigned to Au®.?* In the high resolution Pt4f spectrum,
deconvolution analysis revealed the presence of a small peak at
71.0 eV attributed Pt**, which coexisted with Pt® (72.7 eV).
(Fig. S4b, ESI). Besides, the comparison of the peaks intensity
in the deconvoluted spectra showed atomic percentages of
~79% and 21% for Pt® and Pt**, respectively.

To obtain a deeper understanding concerning the formation
mechanism of the Pt-Au dimers, complete morphological
characterization is required. Three-dimensional characterization
was carried out by using electron tomography. Visualization of
a typical 3D-reconstruction is presented in Fig. 1d and the
corresponding movie is available as ESI. The 3D representation
of the reconstructed volume shows a dimer particle composed
of a spherical part and a porous part. STEM-EDX analysis of
the Pt-Au dimers enabled us to determine the elemental
distribution in the nanostructure, confirming that the spherical
particles are made of gold and the dendritic ones contain
platinum (see Fig. S5, ESI). Furthermore, high resolution
HAADF-STEM images (Fig. 1b) and HRTEM images (Figs.
1c and S6, ESI) show the presence of twinning in the formed
Au particles. High resolution HAADF-STEM images of the Pt-
Au interface in different nanodimers were acquired (Fig. S7a,
ESI) and visualization of the atomic columns in Fig. S8 (ESI)
proved epitaxial growth. EDX mapping (Fig. S7b, ESI) of the
same interface was also acquired, denoised through the
application of a Gaussian filter and overlaid onto the high
resolution HAADF-STEM image to generate the combined
map shown in Fig. 2. It was then possible to qualitatively
distinguish the Pt dendrite (green), the Au particle (red) and
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their overlap along the observation direction (yellow). The
Fourier transform of the two regions confirms the different
lattice spacing along a {110} zone axis (Fig. S8 and Table S1
in the ESI). The lattice mismatch can be visualized by
observing the dots in the Fourier transforms, which get closer to
the center while moving from Pt areas to Au areas (Fig. S9 in
the ESI). The shortening of the distances in the reciprocal space
reflects the expansion of the crystal structure as expected.

EDX + HAADF

Pt

Fig. 2 a) EDX map overlaid to the corresponding high resolution HAADF-
STEM image of the Au-Pt interface in a dimer. b,c) FFT patterns from the
highlighted regions, showing the [110] zone axis of the fcc crystal structure.

Pt@Au core-satellite nanostructures

Pt@Au core-satellite nanostructures were obtained when AuCl,
was reduced by ascorbic acid in the presence of KBr and PVP.
Typically, a gold salt solution was added to an aqueous solution
containing ascorbic acid, KBr, PVP and Pt nanodendrites, giving rise
to a fast violet coloration. Fig. 3 shows representative TEM images
of the obtained nanostructures consisting of gold petals around Pt
nanodendrite cores. The size of the Au nanoparticles could be
marginally tuned by modifying the amount of Pt seeds (see Fig. S10
and Table S2, ESI). We however noticed that small amounts of Pt
seeds (high Au to Pt molar ratios) led to the formation of an almost
continuous Au shell around the Pt cores through coalescence of the
growing Au nanoparticles (Fig. S10a, ESI). On the contrary, a very
low Pt amount provided isolated gold particles and/or aggregated
Pt@Au core-satellite structures (data not shown). Finally, Pt@Au
core-satellite nanostructures could also be synthesized in high yield
from Pt nanodendrites with different degrees of porosity.?

The Pt@Au core-satellite nanostructures display a negative -
potential (ca. -35 mV). Although initially Pt nanodendrites were
stabilized by PEI and therefore showed a positive charge, once the
Au nanoparticles were deposited on the Pt surface the PVP coating
on the metal surface reverts the overall surface charge to negative
values.?® Regarding the optical properties, Fig. S11 (ESI) shows the
extinction spectrum of the aqueous dispersion of a representative
Pt@Au core-satellite sample with an average size of ~57 nm (see
Table S2, ESI). A relatively broad LSPR band centered at ~580 nm
can be observed. Certainly, the position and the width of this band
differ from that corresponding to Pt-Au dimers (see Fig. S3, ESI).

This journal is © The Royal Society of Chemistry 2012
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Such differences have been ascribed to strong plasmon coupling
between the Au particles in the core-satellite system.>* Additionally,
XPS analysis for such core-satellite structures showed Au4f;, and
Pt4f;, peaks, assigned to Au® and Pt°, (Fig. S12, ESI).

STEM-EDX analysis was also performed and indeed confirmed
the Pt@Au core-shell structure. Figs. 3d and S13 (ESI) evidence Pt
dendrites homogeneously coated by gold particles. Both HAADF-
STEM and HRTEM images (Figs. 3c,b and S14, respectively)
illustrate the presence of defects (twinning) in the Au particles
surrounding the Pt seeds. The complexity and strong overlap of the
structures prevented us from acquiring high resolution HAADF-
STEM images of sufficient quality at the interface between Pt and
Au. Nevertheless, based on the above described observations for the
Pt-Au dimers, we hypothesize that the growth of Au onto Pt in the
case of the Pt@Au core-satellite particles is also epitaxial.

b)

Fig. 3 a) TEM image of typical Pt@Au core-satellite particles, b)
HRTEM image of a single Pt@Au core-satellite NP, ¢) High resolution
HAADF-STEM image of a single Au ’petal’ located around the Pt
dendrite core. Twinning is observed. d) EDX map of a Pt@Au core-
satellite particle.

Confirmation of the peculiar morphology of the Pt@Au core-
satellite structures required 3D characterization. Representative
electron tomography reconstructions of various nanostructures are
displayed in Fig. 4a,b showing a Pt@Au particle viewed from
different angles, which was synthesized from Pt nanodendrites with
a different degree of porosity as compared to those in Fig. 4c,d.
Movies illustrating the morphology of these structures can be
downloaded from the ESI material. We therefore conclude that,
regardless of the porosity of the Pt dendrite, this synthetic
methodology leads to formation of Pt@Au core-satellite
nanostructures.

Growth mechanism

Our approach clearly demonstrates that HAuCl, can be selectively
and catalytically reduced on Pt dendrites to generate either Pt-Au
dimers or Pt@Au core-satellites, depending on the specific
conditions. In an attempt to figure out the mechanism governing the
site-selective heterogeneous growth of Au on Pt, we must consider
several parameters: lattice matching and surface energies,”® as well
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as the balance between Au nucleation and growth and surface charge
of the Pt nanodendrites.

It is well established that lattice parameters for Pt are smaller than
those for Au. However, the small lattice mismatch (3.9%) still
allows epitaxial growth of Au onto Pt. Another interesting point to
be considered is whether gold deposition should occur on weakly
bound atoms at sharp convex tip ends or at surface defects present in
concave areas. On one hand, the relatively sharp angles at the tips
inherently impose crystallographic edges with the existence of more
reactive atoms/sites. On the other hand, the concave curvature
between the different arms/tips of the dendrite must impose the
existence of surface defects, such as atomic steps, kinks, vacancies
and/or dangling bonds, commonly associated with higher chemical
reactivity due to their unsaturated coordination. In this particular
case, we postulate that the presence of a relatively high
concentration of the polyelectrolyte PEI during the synthesis of Pt
dendrites could block the porous cavities of the dendrite, thus
hindering the diffusion of gold atoms towards them. Therefore,
nucleation at the tips of Pt dendrites should be favored.

It is well known that the addition of capping agents, such as
surfactants or polymers, can change the kinetics of reduction. In this
work the main difference between the strategies followed to obtain
dimer or core-satellite structures was the type of capping agent used,
CTAB or PVP. In any case, we have to take into account that the
overall process takes place in less than five minutes, so we are
dealing with a relatively fast process. In what follows we analyze
both strategies to address the role of these capping agents in the
determination of the final nanostructure.

In the presence of a quaternary ammonium surfactant, such as
CTAB, AuCl, ions will be complexed with CTA" ions, forming an
ion-pair that will be readily solubilized within CTAB micelles. This
complexation leads to an increase of the Au** to Au’ reduction
potential,?® and as a consequence the addition of ascorbic acid (in the
absence of any metal seed) will lead to reduction from AuCl,-CTA
to AuCIl,-CTA, thereby hindering the nucleation process.
Notwithstanding, subsequent addition of metal seeds leads to
catalytic reduction to Au’ on their surface.?” Such an approximation
has been applied, for instance, to synthesize gold nanospheres and
nanorods with size control or core-shell (metal@Au)
nanoparticles.”*? We demonstrate here that Pt dendrites can also
catalyze this reaction, but more importantly, under controlled
conditions this process gives rise to the formation of Pt-Au dimers in
high yield. The entire process could be explained in terms of the
relatively slow reaction rate under our specific experimental
conditions (CTAB:Au ratio ~ 60, low ascorbic acid concentrations
and room temperature), resulting in the growth process being
favored over nucleation. We should also consider that there is a
thermodynamic preference for additional growth of Au on Au nuclei
rather than on exposed Pt (forming new Au nuclei) because of the
lattice mismatch. Even under conditions favorable to nucleation just
some trimers or tetramers might form but not core-satellites (see Fig.
S2, ESI).

The use of PVP instead of CTAB was found to induce multiple-
site growth. While CTAB prevents Au nucleation by forming a
complex with AuCl, ions, PVP might even induce the nucleation,
apart from preventing the final heterostructures from agglomeration.
The formation of Pt@Au core-satellites could be explained in terms
of an increase of the reduction rate, which favors the nucleation of
Au at multiple sites of the Pt nanodendrite surface. Since the
experimental conditions were such that favored Au reduction, the
gold salt should be added after the Pt nanodendrites to avoid
nucleation of free Au nanoparticles. In fact, mixing AuCl, ions with
ascorbic acid before Pt dendrites addition led to the formation of free
Au nanoparticles (see Fig. S15b and S15c¢ ESI).

4 | Nanoscale, 2012, 00, 1-3

Fig. 4 3D-representations along different views of Pt@Au core-satellite
particles grown from ‘medium-compact’ Pt dendrite seeds (a,b), and from
‘porous’ Pt dendrites (c,d).

Finally, another parameter to take into consideration is the surface
charges of the Pt nanodendrites and Au precursor ionic charge in
both systems. In the presence of CTAB, Pt nanodendrites and Au
precursor are both positively charged, the former due to the PEI
coating, and the latter due to the complexation of AuCl,” with CTA"
ions and solubilization of the complex within CTAB micelles. In the
presence of PVP however, Pt nanodendrites and Au precursor
present opposite charges. The electrostatic adsorption of PVP on
positively charged Pt nanodendrites does not revert the surface
charge (as confirmed by Zeta Potential measurements), therefore the
particles still present positive charge (ca. +15 mV) while the Au
precursor (AuCly) is anionic. Since Pt nanodendrites and Au
precursor present opposite charges, electrostatic interactions between
Au precursor and Pt nanodendrite surface occur and therefore
contribute to the multiple Au nucleation onto the Pt surface.

Electrocatalytic application for EOR

In the present work we studied the electrocatalytic activity of Pt-
Au dimers (Fig. 1) and Pt@Au core-satellite for ethanol oxidation in
alkaline solution and it was compared with the performance of pure
Pt nanodendrites and pure Au nanospheres. In the case of Pt@Au
core-satellite particles the Au particle size can be tuned within a
small size range (see Table S1, ESI), which allowed us to study the
effect of Au size in the electrochemical activity of the Pt@Au core-
satellite samples for EOR. GC electrodes were modified with Pt-Au
dimers and Pt@Au core-satellite nanoparticles with overall sizes of
47 nm (GC-Pt@Au;,, Au size ~13 nm), 57 nm (GC-Pt@Au,, Au size
~17.5 nm) and 61 nm (GC-Pt@Aus, Au size ~20 nm).

Cyclic voltammetry measurements were performed at glassy
carbon (GC) electrodes modified with Pt-Au dimers (GC-Pt-
Au, Fig. 5a) and Pt@Au core-satellite nanoparticles (GC-
Pt@Au, Fig. 5b) in alkaline solution of 1M ethanol and 1M
NaOH. The cyclic voltammograms show two main oxidation
steps, as previously reported for Pt nanodendrites:%
acetaldehyde formation depicted by an anodic peak current
density at positive potentials (0.15 V and 0.17 V for GC-Pt-Au
and GC-Pt@Auy, respectively) and CO, production depicted by
an anodic peak current density at negative potentials (-0.19).

This journal is © The Royal Society of Chemistry 2012
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The cyclic voltammograms from Fig. 5 were normalized to the
mass content of catalyst and showed an excellent mass activity
for EOR. The electrochemical active area per gram of catalyst
for all samples varied as follows: 206.3 m?g™* (GC-Pt-Au), and
53.0 m?g? (GC-Pt@Au;), 69.75 m%g?! (GC-Pt@Au,), and 50.8
m?g? (GC-Pt@Aus). Analysis of mass activity revealed a
production of 10 A/mg at Pt-Au catalyst and in average 3 to 4
A/mg at Pt@Au catalyst (Fig. 5). The influence of Au
nanoparticles grown on Pt nanodendrites is reflected in the shift
of the acetaldehyde and CO, peak potentials toward more
positive values and enhancement in the current densities with
respect to the CV features observed for GC-Pt nanodendrite
modified electrode (see Table S3, ESI and ref. 20). These shifts
reveal an improvement of electrocatalytic activity'’'® toward
EOR. For consistency, current densities were expressed in
mA/cm? rather than mA/mg in order to compare the catalytic
activity of Pt-Au dimers and Pt@Au core-satellite particles
with the results previously reported for Pt nanodrendrites (in
ref. 20). Accordingly, GC-Pt-Au modified electrode generated a
maximum current density of 520 mAcm™ after 105 CVs at 50
mVs? scan rate, whereas pure Pt nanodendrites generated 197
mAcm2 after 320 CVs at 50 mV/s (see Figure S17 and Table
S3, ESI). The catalytic activity for a similar time frame with Pt
nanodendrites (300 CVs) yielded a ca. 100 mAcm™ decrease at
the GC-Pt-Au modified electrode for EOR (Fig. S17, ESI), the
remained current density still being higher (double) than that
obtained at GC-Pt nanodendrites. In the case of GC-Pt@Au
modified electrodes, maximum current densities of 340.6
mAcm? (GC-Pt@Au;), 448.24 mAcm? (GC-Pt@Au,) and
252.5 mAcm? (GC-Pt@Au,) after 158 CVs, 125 CVs and 90
CVs, respectively (all at 50 mVs™? scan rate), were observed
(Fig. S18, ESI), whereas the pure Pt nanodendrites (medium
compact ones) presented a much lower current density (61
mAcm2).% In other words, the electrocatalytic properties of the
Pt nanodendrites were improved by growing either one or
multiple gold spheres on their surface.

All seems to indicate that Pt-Au dimers are better catalysts
than Pt@Au-core-satellite particles because of their higher
current densities for EOR generated for a lower number of
scans. XPS analysis (Fig. S4 and Fig. S12, ESI) revealed that
Pt-Au dimers contained Pt° as well as Pt*? whereas only only
Pt® was found for Pt@Au core-satellites. The presence of pt+?
could contribute to the improvement of the catalytic
performance. Moreover, the Au-rich structure of Pt@Au core-
satellites has a stronger contribution to the production of
acetaldehyde (higher peak current densities at +0.17V than at
dimers), which in turn is reflected in a higher poisoning rate of
the Pt core. This could explain the lower current densities
observed at the GC-Pt@Au modified electrode during EOR
than at the GC-Pt-Au electrodes (Fig. 5 and Fig. S17 and S18,
ESI). Chronoamperometry tests (Fig. S19, ESI) demonstrate
indeed that the Pt-Au dimers are more resistant to poisoning
with small organic molecules than Pt@Au core-satellite
particles. The chronoamperogram (CA) measured at GC-Pt-Au
modified electrode for 3000s and an applied potential of -0.19V
(black curve in Fig. S19, ESI) showed a pronounced decay of
current densities in the first 250s with a loss of activity of 30%
and a slow decay for the remaining 2750s. The CA measured
under the same conditions at GC-Pt@Au;, GC-Pt@Au, and
GC-Pt@Au; catalysts (Fig. S19, ESI) revealed a 35.7% activity
loss in 250s, and 33% and 46.0% respectively activity loss after
150s with a slow decay of current density for the remaining
reaction time. This is consistent with the CVs measured at the

This journal is © The Royal Society of Chemistry 2012
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modified electrodes, indicating that Pt-Au dimers are more

resistant against poisoning.
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Fig 5. Cyclic voltammograms recorded at GC-Pt-Au (a) and GC-
Pt@Au (b) in 1 M ethanol and 1 M NaOH aqueous solution. The scan
rate was 50 mvs™.

Additionally, by comparing EOR at our bimetallic structures
with EOR at an Au nanoparticle-modified electrode (Fig. S20,
ESI) one can easily understand the contribution of gold spheres.
CVs with one oxidation peak at +0.18V in the EOR were
recorded at GC-Au nanoparticle-modified electrodes reaching a
maximum current density of 129 mAcm after 60 cycles. This
single oxidation peak at +0.18 V may be attributed to the
formation of acetaldehyde as a final product (a sign of
incomplete ethanol oxidation), which supports the above
described electrocatalytic response of our Pt-Au hybrids, i.e.
high production of acetaldehyde by both Au spheres and Pt
nanodendrites® being efficiently converted to carbonate by the
Pt nanodendrites. In other words, there is a synergic effect of
both metals in the EOR.

One remarkable feature should be mentioned when comparing
EOR at different sized Pt@Au core-satellite nanoparticles: the
middle sized particles (57 nm) display the best electrocatalytic
performance (Fig. S18, ESI). Although it is known that electron
transfer for monometallic nanoparticles occur more efficiently for
smaller sizes,®* the core-satellite structure with 17.5 nm Au
spheres revealed the best electron transfer abilities which is most
probably related to the efficiency of electron transfer at the interface
between Pt dendrite and epitaxially grown Au spheres. Moreover,
the decrease of the electrocatalytic activity of GC-Pt@Auz could be
explained in terms of Au nanoparticles coalescence, as indicated by
the TEM characterization, as well as the broad and red-shifted LSPR
band (see Fig. S11b, ESI). These data demonstrate that an optimal
size of gold chemically bonded to Pt is necessary to achieve highest
conversion of ethanol to carbonate.

Nanoscale, 2012, 00, 1-3 | 5
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Regarding their catalytic efficiency, Pt-Au dimers and Pt@Au
core-satellite nanoparticles generate current densities of hundreds of
mAcm™ for EOR, demonstrating a better catalytic activity (under
similar experimental conditions; 1M ethanol and 50 mV/s scan rate)
than Pt black (5 mAcm?),*®® bimetallic Pd-Au (<14 mAcm?)%3%
dendritic Au-Pd (40 mAcm?),* concave Pt@Au nanocubes (18
mAcm2)® or Pd-Au core-shell nanoparticles (10 mAcm).%°
Moreover, all GC modified electrodes maintained high ratios of
forward to backward anodic peak current density of ju/jp=7.76,
jfz/jb2:5.51 (GC'Pt'AU, Flg S17, ES'), jfl/jbl:5.23 jfz/jb2:4.75 (GC-
Pt-@Au;, Fig. S18a, ESI), ju/jn1=5.2 jp/jn=4.75 (GC-Pt-@Auj, Fig.
S18b, ESI), ju/jp1=8.3 ji/jn=3.45 (GC-Pt-@Auz, Fig. S18c, ESI),
revealing excellent resistance to poisoning with by-products
resulting from the EOR. Therefore, it is demonstrated that Pt-Au
bimetallic nanostructures are highly efficient catalysts for ethanol
oxidation in alkaline solution with accurate selectivity, high
sensitivity, and improved efficiency by generating high current
densities for a lower number of cycles.

Conclusions

We have shown that careful control of the experimental
conditions allows tuning the seeded growth of Pt-Au
heterostructures to obtain either dimer or core-satellite
configurations, using platinum dendrites as seeds. The process
was explained in terms of reduction kinetics and surface
charges together with a thermodynamic preference for
additional Au to grow on Au than on exposed Pt because of the
lattice strain (3.9 %) caused by the mismatch in lattice
parameters. The actual configurations of the heterostructures
were elucidated by electron tomography and epitaxial growth of
Au on Pt was demonstrated through high resolution TEM and
STEM measurements. The prepared Pt-Au bimetallic
nanostructures are highly efficient catalysts for ethanol
oxidation in alkaline solution with accurate selectivity, high
sensitivity, and improved efficiency by generating higher
current densities than their monometallic counterparts.

Experimental

Materials. Gold(lll) chloride (HAuCl,), L-ascorbic acid (AA,
99+%, ACS reagent), N,N-dimethylformamide (DMF, >98%)
branched polyethyleneimine (PEI, Mw 25000), absolute ethanol, and
polyvinylpyrrolidone (PVP, Mw 55000) were purchased from
Sigma-Aldrich. Potassium bromide (KBr, 99+%, IR grade) was
bought from Acros Organics, while CTAB (>96%) was provided by
Fluka and Pt(acac), (98%) from Strem Chemicals Inc. Milli-Q grade
water was used in all preparations. All the chemicals were used
without further purification. Glassware and stirring magnets were
rinsed with aqua regia and dried well prior to use.

Synthesis of Pt nanodendrites. The platinum nanodendrites used
as seeds were synthesized as previously reported by our group.?
Briefly, a 0.6 M solution of PEI (concentration refers to the
monomer unit, ethyleneimine) in 30 mL of DMF was stirred, and
then a certain amount of Pt(acac), was added. The concentration of
Pt(acac), was varied (15 mM and 30 mM) in order to obtain
dendrites of different porosity. This yellow solution was heated to
150 °C and left overnight. After precipitation and washing, the
dendrites were dispersed in 17 mL of water forming a stable black
colloidal dispersion. TEM revealed that the particles were
monodispersed Pt nanodendrites of ~ 21 nm in size.

Synthesis of Pt-Au nanodimers. In a typical synthesis, 35.2 uL
of 0.143 M HAuCI, in water is added to 20 mL of an aqueous
solution of 15 mM CTAB under mild stirring, followed by addition
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of 100 pL of 0.1 M ascorbic acid in water. The yellow-orange
reaction mixture turns transparent, reflecting the reduction of Au®* to
Au™. Subsequently 5 mL of the colorless solution is isolated and a
selected amount (between 50 and 125 uL) of an aqueous dispersion
of Pt nanodendrites is added under stirring. A reddish color
gradually develops within a few minutes, indicating the nucleation
and growth of gold nanoparticles. After 5 min of reaction at room
temperature, the stirring is stopped and the particles are precipitated
by centrifugation (5000 rpm, 30 min) and redispersed in 5 mL of
water.

Synthesis of Pt@Au core-satellite structures. In a typical
synthesis, to 4.14 mL of water, the following reagents are
sequentially added under stirring: a designed amount of an aqueous
solution of Pt dendrites, 262 uL of ascorbic acid (0.1 M in water), 30
pL of 6.72 mM KBr (in water) and 180 uL of 0.1 M PVP (in water —
the concentration of PVP was calculated in terms of its repeating
unit). The mixture is stirred at room temperature for 20 min and then
10 pL of an aqueous solution of 0.143 M HAuCI, is quickly added.
It is then maintained under stirring for 2 min as a violet-purple color
appears. Finally the product is collected by centrifugation (8500
rpm, 15 min) and washed with water for another two times. The
particles are finally dispersed into 4.7 mL of water.

Characterization. High resolution transmission electron
microscopy (HRTEM) images were acquired using a JEOL 3000F
electron microscope operated at 300kV. High angle annular dark
field scanning transmission electron microscopy (HAADF-STEM)
images, electron tomography series and EDX maps were acquired
using a FEI Tecnai G2 electron microscope operated at 200 kV and
an aberration corrected cubed FEI Titan 60-300 electron microscope,
operated at 200kV. The EDX acquisition was carried out using a
ChemiSTEM system and analyzed using the Bruker ESPRIT
software. The acquisition of the tomography series was performed
using a Fischione model 2020 single tilt tomography holder, within a
tilt range from -76° to +76° and an angular increment of 2° The
alignment of the series was performed using FEI Inspect 3D and
IMOD.? For the reconstructions, the simultaneous iterative
reconstruction technique (SIRT) algorithm as implemented in FEI
Inspect 3D was used. Conventional TEM images were acquired with
a JEOL JEM 1010 microscope operated at 100 kV. {-potentials were
measured via electrophoretic mobility by taking the average of five
measurements at the stationary level, using a Zetasizer Nano S
(Malvern Instruments) equipped with a He—Ne laser, operating at
633 nm and with a detection angle of 173° (4 mW). Optical
characterization was performed using an Agilent 8453 UV-Visible
spectrophotometer. XPS experiments were performed in a SPECS
Sage HR 100 spectrometer with a non-monochromatic X-ray source
(Magnesium Ko line of 1253.6 eV energy and 250 W, calibrated
using the 3ds, line of Ag with a full width at half maximum
(FWHM) of 1.1 eV. The selected resolution for the spectra was 15
eV of Pass Energy and 0.15 eV/step. All measurements were made
in an ultra-high vacuum (UHV) chamber at a pressure below 8*10-8
mbar. In the fittings, Gaussian-Lorentzian functions were used (after
a Shirley background correction) where the FWHM of all the peaks
were constrained while the peak positions and areas were set free.
ICP (inductively coupled plasma) elemental analysis measurements
were performed at CACTI institute in Vigo.

Electrochemical measurements. All electrochemical
measurements were performed on a PGSTAT 302N potentiostat
(EcoChemie B.V., The Netherlands) at room temperature. A
standard three-electrode system was used with a glassy carbon (GC)
electrode (0.0314 cm? area) as working electrode, a platinum wire as
counter electrode and Ag/AgCl (3 M KCI) as reference electrode.
GC electrodes were cleaned by polishing on Micro-cloth pads with
alumina powder dispersed in Milli-Q water, followed by sonication
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in 50/50 (v/v %) water/ethanol for 3 min, and electrochemically
cleaned by cyclic voltammetry in 0.1 M H,SO, aqueous solution.
Freshly cleaned GC electrodes were dried under a stream of N, and
subsequently modified with Pt-Au nanomaterials by drop casting.?’
For this purpose 10 pL (1.0 mg/mL) of Pt-Au dimer or Pt@Au core-
satellite nanostructures dispersed in Milli-Q water were drop-casted
on each cleaned GC electrode, dried in air and fixed with Nafion
film.

The electrochemical reaction studied by cyclic voltammetry was
ethanol oxidation in alkaline aqueous solution using 1 M ethanol and
1 M NaOH. The objective was to evaluate the electrocatalytic
properties of the Pt-Au nanostructures as compared to their Pt
dendrites?®® and Au nanospheres components. Consecutive cyclic
voltammograms (CV) were recorded for a potential window of -0.75
V 10 0.6 V vs. Ag/AgCI (3 M KCI), at a scan rate of 50 mV's™, a step
potential of 4 mV and up to 300 scans. Chronoamperometry tests on
different catalysts were performed at -0.19V for 3000 s. The
electrochemically active surface areas (EASA) of the modified
electrodes were determined by cyclic voltammetry measurements
performed in 0.1M HCIO, aqueous solution (Fig. S16 in Supporting
Information). A charge density of 210 pCcm? for clean
polycrystalline Pt and 390 pCem for clean polycrystalline Au were
used to estimate the EASA of the Pt-Au and Pt@Au nanostructure
modified GC electrodes. For the Pt-Au dimer modified GC electrode
the EASA value was 0.00018cm?, whereas for Pt@Au core satellite
modified GC electrode (GC-Pt@Au) it was 0.0025 cm? for GC-
Pt@Au,, 0.0055 cm? for GC-Pt@Au, and 0.0068 cm’ for GC-
Pt@AuUs;.

For comparison, PVP-stabilized AuNPs were drop casted on GC
electrodes (1 mg/mL), dried and fixed with Nafion film (EASA was
0.0045 cm?). The average diameters of Au NPs were 15 nm as
determined from TEM images. In this case, a maximum of 60 CVs
for EOR were recorded at GC-AuNP modified electrode in 1 M
ethanol and 1 M NaOH from -0.5 V to 0.5 V, at a scan rate of 50
mVs? and step potential 4 mV. Deaeration of electrolyte solutions
was ensured by purging N, gas in the solution (15 min before
starting each experiment) and over the solution during
measurements.?
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