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Abstract

Currently, bimetallic nanosystems are some of the most promising materials for catalytic, electrocatalytic and
electroanalytical applications, thanks to their novel optical, catalytic, magnetic and sensing properties.
However, their characterisation is still a challenge in terms of both the type and the quantity of the metal
involved and their structure (e.g. alloyed or core-shell). It is also important to note that these systems
underwent modification in time due to the mobility of atoms and the drive to reach the most stable
thermodynamic status. In this work, we suggest cyclic voltammetry as a convenient technique for the study of
bimetallic nanocomposites and their evolution during the synthetic process. In particular, Pt+Au, Au@Pt and
Pt@Au systems have been deeply investigated by comparing their voltammetric results in terms of the shift in
the Au and Pt peak potentials and absence/presence of some peaks. Furthermore, the samples were studied
with TEM analysis. The results allowed for the discrimination of alloyed and core-shell structures and provided
a method to follow changes in the composites during their synthetic preparation. It also enabled the deep
analysis of how the two metals interact each other, thereby yielding the peculiar properties that are
conveniently used for catalytic purposes.
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Introduction

Over the last decades, a lot of attention has been devoted to the understanding of the chemical behaviour and
the peculiar properties of systems prepared by the combination of different metal nanoparticles.! In
particular, bimetallic systems have become more frequently investigated due to their novel optical, catalytic,
magnetic and sensing properties that often differ from the ones of their monometallic components.*° In this
context, it is important to fully characterize and explore these fascinating systems by studying the size, shape,
composition and functionalization of the nanocomposites, in order to design sophisticated materials properly
adapted to their intended application.!™” Beside the type and the quantity of the two metals involved in the
bimetallic material, it is important to investigate the morphological distribution of the components, i.e. to
discriminate among alloy or core-shell structures.'®2° Usually, HR-TEM and EXAFS are the conventional
techniques commonly involved for the characterization of these systems, because they can provide
information about the fine structure of the material.?™?3 However, they suffer from the problems of being
very expensive and not so easily accessible, particularly for the initial surveys of the systems.?*?’ In the last
decade, electrochemical techniques have been used as alternatives to characterize these bimetallic systems,
starting from simple cyclic voltammetry (CV), up to the use of underpotential deposition and nano impact
techniques. In this context, cyclic voltammetry certainly remains the easiest to use, low-cost and fastest
complementary technique to discriminate amongst alloys and intact or defective core-shell structures.?’3° The
present results presented here however, are focused on the study of the materials after their synthesis31-33, A
remaining challenge is the possibility to follow the formation morphology of these nanomaterials during their
synthesis and its possible evolution after an aging period (or storage). In this work we propose CV as a fast,
easy and low-cost technique to also study with time the evolution of the morphology of Au-Pt bimetallic
systems during their formation. We directly studied the nanoparticles during their colloidal synthesis, thus
avoiding the use of supporting materials which in turn could modify and interfere with the structure evolution.
The opportunity to know how the bimetallic structure changes during the synthesis is one of the novel aspects
of this work. The results pave the way to the study of analogous gold-based bimetallic systems, to be
conveniently involved in catalysis, electrocatalysis and electroanalytical applications.

Results and Discussion

Electrochemical characterization of mono and bimetallic systems

In our previous study, we employed three different preparation methods for the synthesis of AuPt bimetallic
systems, in order to obtain an alloy (Pt+Au) and two core-shell (Au@Pt and Pt@Au) structures (Figure 13).3473¢
However, gold, for its thermodynamic properties is reported to normally tend to migrate to the surface of the
systems.3” Therefore, the real structure of these NPs has not been disclosed yet. Therefore, a preliminary CV
screening allowed us to understand the real types of structures produced because of different synthetic
approaches (Figure 1b).
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Figure 1: (a) A schematic representation of the expected morphology of the samples. (b) CV of the three
bimetallic systems (Pt+Au, Au@Pt and Pt@Au) and the relative monometallic Au and Pt components, recorded
at 100 mV st in 0.1 M H,SO4 after 48 h.

The voltammetric behaviours of both Pt and Au monometallic sols are also reported for comparison.
Observing the voltammograms of bimetallic nanoparticles, a broad oxidation plateau in the anodic region can
be seen. This signal, approximatively between 0.9 and 1.3 V (SCE), comprises the oxidation of both platinum
and gold nanoparticles, even though in the monometallic samples the peaks are very weak. On the contrary, in
the cathodic region, two different reduction peaks for all the bimetallic systems can be clearly distinguished.
These peaks refer to the disruption of gold (at around + 0.8 V (SCE) — very small for monometallic Au) and
platinum oxide (at around + 0.3 V (SCE)- very strong for monometallic Pt), respectively. Comparing the position
of the reduction peaks (Table 1), it is evident that (Pt+Au) and (Au@Pt) systems behave almost in the same
way, showing positions of the reduction peaks both cathodically shifted with respect to the ones of the
monometallic Au (Augep)and Pt (Ptrep) counterparts.3® We associate these differences to a variation of
reducibility/oxidizability of the metals. The cathodic shift of the reduction peaks in these bimetallic systems
suggested a stabilization of both oxides in the composite. This stabilization might be due to the intimate
contact between the components, which results in a general enrichment of electrons in the oxide forms. In
particular, Pt in these systems is more stabilised (AE = 100 mV) with respect to Au (AE = 30-50 mV), suggesting
an electron donation from Au to Pt. In other words, we believed these variations in CV peaks are compatible
with the conclusion that Au+Pt and Au@Pt NPs behave like an alloy where there is an intimate contact
between Au and Pt, with properties slightly different from the correspondent metal components. However,
the chemical behaviour of Au or Pt external shell is expected to be different, with Pt being more prone to
oxidation.

Pt@Au sample showed, on the contrary, an intermediate behaviour: similar to monometallic in the Au
region while shifted in the Pt one. In this case, the reduction peak of gold is practically the same as in the case
of monometallic, while the platinum one shows a slight shift (AE = 40 mV) with respect to the monometallic
counterpart. Following the same line as in the other two cases, we concluded that in Pt@Au, differently from
Au+Pt and Au@Pt, the two metals appear to be less close to each other, with Au showing no donation toward
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Pt and thus preserving its identity. These observations can suggest a possible partial segregation of the
materials.

Table 1. Reduction potential values at 0.1 V s of the bimetallic and monometallic systems. AE = Emonometaliic -

Epimetalic.
Electrode E (Aurep) / | BE (Augrep) / | E (Ptren)/ V | BE (Ptren) / V
Vv Vv

Au 0.82 - - -

Pt - - 0.33 -

(Pt+Au) 0.79 -0.03 0.23 -0.10
(Au@Pt) 0.77 -0.05 0.23 -0.10
(Pt@Au) 0.82 0.00 0.29 -0.04

HR-TEM Characterization of bimetallic systems

The information gained from the voltammetric patterns were also compared with the results obtained
from HR-TEM analyses. High annular dark-field scanning transmission electron microscopy (STEM-HAADF)
images showed AuPt nanoparticles with a mean diameter in the range of 3-4 nm in all cases (Figure 2).
Furthermore, energy-dispersive X-ray spectroscopy (EDX) analyses from individual particles confirmed that the
majority of nanoparticles were bimetallic AuPt in nature, for all the three systems.

Figure 2. Representative STEM-HAADF image of AuPt nanoparticles showing the presence of single atoms.
In the case of Pt+Au and Au@Pt, EDX maps of individual particles shows the coexistence of Pt and Au

elements within the nanoparticle, suggesting the formation of random gold-platinum alloy structures (Figures
2 and 3) with a similar exposition of Au and Pt in both cases.
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Figure 3. HAADF image of Au+Pt nanoparticles.

Gold, Platinum

=y
o

PR S

—

iy gl
| l _ﬁmﬂH

Atomic Fraction / %

Position / nm

[ ——
10nm Electron Image 1

Figure 4. HAADF image a) Pt@Au nanoparticles and b) representative EDX maps of individual particle.

The analysis performed on Pt@Au revealed a different metal disposition from the core to the surface of
the nanoparticles. Indeed, the EDX maps showed a Au/Pt ratio enhanced in the central range (core) which

decreased significantly when approaching the outer sphere, suggesting a Pt enrichment on the surface (Figure
4).38-39

Evolution in time of the Pt@Au system

The peculiar nature of Pt@Au colloidal particles prompted us to study more in detail their evolution, starting
from the addition of Pt to the Au pre-formed particles. The fresh system (identified hereafter as “_new”) was
considered as our time=0, followed by 2, 4 and 24 hours from the reactants addition (identified hereafter as
“ 2h”, “ 4h” and “_24h”). It is important to underline that the indicated time is related to the moment in
which the solution is deposited on the glassy carbon electrode, and that one additional hour is required to let

the material dry after the deposition on the glassy carbon electrode. Pt and Au monometallic nanoparticle
systems were also studied for comparison.
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Au(O)NPs are immediately formed and stable in time, presenting oxidation and reduction peaks
overlapping for all the solutions (Figure 5).
2.4

Au_5min
Au_2h
Au_sh
Au_24h

2.0

1.6 4

1.2 1
0.8 1

0.4 1

i/ (mAcm?)

0.0 1

-0.4

-0.8

-1.2

— T T T
02 00 02 04 06 08 10 12 14

EvsSCE/V

Figure 5. Evolution in time of the monometallic AuNPs system recorded in 0.1 M H2SO4 at 100 mV st

In contrast, PtNPs show cyclic voltammograms evolving in time (Figure 6a) reaching a steady-state only
after a minimum of 4 hrs. The density current values for both oxidation and reduction peaks, growing from
time 0 and time 4hrs, indicated that Pt(0)NPs required more time to be formed with respect to AuNPs. Even
after 24 hours, the Pt colloid had not fully reached the final conformation, as evidenced by the still slight shift
of the reduction peak potential (Ptrep). This could be relevant especially when Au and Pt are co-reduced
(Au+Pt), but in this case the mobility of atoms assures a final state very similar to the system obtained when Pt
is reduced first, after which Au is then reduced. Furthermore, the relative faster reduction of Au, allows the
system to form a homogeneous alloy.

Bimetallic Pt@Au system (Figure 6b) is formed by reduction of Pt onto Au pre-formed seeds. In this case
we could be fairly sure Au is fully reduced before the reduction of Pt take place. In fact, just after the Pt
addition (Pt@Au_new), cyclo-voltammetry show both (Au and Pt) reduction peaks, with comparable
intensities in terms of current density, meaning that Pt is maintaining its electronic configuration. During this
time however, it could be observed that the intensity of Au reduction peak decreased while the Pt one
increased. After 2 h of synthesis (Pt@Au_2h) the absence of the gold reduction peak and the decreased
density current value of the oxidation plateau suggested the effective formation of the core-shell, in which the
internal core made of gold is masked by the external shell of platinum.3® After 4 h (Pt@Au_4h), the reduction
peak relative to gold reappeared slightly cathodically shifted in comparison with AuNPs potential (Aurep),
evidencing the tendency of the core-shell to turn into an alloy with the concomitant migration of gold to the
surface. This behaviour was also confirmed after 24 hours (Pt@Au_24h). In conclusion, in this system, the
evolution of cyclovoltammetric profiles exclude the segregation of the two metals, but is consistent in terms
of gold migration to the surface, thus creating a Au-rich core and a Pt enriched shell with no evidence of
segregation of the metals as in an ideal Au core-Pt shell structure (Figure 6c).
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Figure 6. (a)Evolution in time of the monometallic Pt system; (b) Cyclic voltammetry showing the evolution in
time of the bimetallic Pt@Au system, with the lines Aurep and Ptrep referring to the ones of Figure 1; (c)
Schematic representation of Pt@Au formation.

Another interesting feature of the Pt@Au system is the position of the platinum reduction peak, which
remains fixed in time but shifted in comparison with PtNPs potential (Ptrep), probably due to the stabilizing
effect of gold, as previously discussed for the final bimetallic structures (Figure 1b).

Conclusions

In the present work, an electrochemical study of bimetallic systems based on Au and Pt nanoparticles (Pt+Au,
Au@Pt, Pt@Au) is presented. Cyclic voltammetry has been used as a convenient technique to discriminate
between alloyed or core-shell systems, perfect or defective. Moreover, time evolution of the NPs systems has
been studied to control the morphology and to give the possibility to fix it at a desired point. This is the first
time that CV is used to control and follow the evolution of bimetallic systems in time.

The results show that Pt+Au and Au@Pt behave like alloys with properties different from the
monometallic components, and a stabilization of both metal oxides alludes to the intimate contact between Pt
and Au. On the other hand, Pt@Au resembles more a core-shell system, particularly at the beginning of its
preparation, but tends to be an alloyed system characterized by an enrichment of platinum at the surface. The
results obtained by CV, in accordance with those obtained by TEM and UV-Vis techniques, can help
researchers to understand the behaviour of these systems in catalysis, electrocatalysis and electroanalytical
applications.

Experimental Section

Monometallic systems synthesis

AuNPs by chemical reduction in aqueous solution. 0.031 mmol of solid NaAuCls 2H,0 (Aldrich, Milan, Italy,
99.99 % purity) and polyvinylalcohol solution (PVA, MW(PVA) = 13,000 - 23,000, 87% - 89% hydrolysed,
Aldrich; 1% w/w; Au/PVA 1:1, w/w) were added to 100 mL of H,0. After 3 minutes, NaBH4 (Fluka, Milan, Italy,
>96%; Au/NaBH4 1/4 mol/mol) solution was added to the previous solution under vigorous magnetic stirring. A
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ruby red Au(0) sol was immediately formed. The sol has been analysed withdrawing samples at 0 min and
every 2 hrs.

PtNPs by chemical reduction in aqueous solution. 0.021 mmol of K,PtCls (Aldrich, Milan, Italy, 99.99 % purity)
and polyvinylalcohol solution (PVA, MW(PVA) = 13,000 - 23,000, 87% - 89% hydrolysed, Aldrich; 1% w/w;
Pt/PVA 1:1, w/w) were added to 100 mL of H,0. After 3 minutes, NaBHa4 (Fluka, Milan, Italy, >96%; Pt/NaBH4
1/8 mol/mol) solution was added to the previous solution (yellow-brown coloured) under vigorous magnetic
stirring. A black Pt(0) sol was immediately formed. The sol has been analysed withdrawing samples at 0 min
and every 2 hrs.

Bimetallic systems synthesis. AuPt nanoparticles (Au:Pt 6:4 molar ratio) were prepared by sol immobiliziation
technique using PVA as protecting agent and NaBH4 as reducer. The synthetic procedures are here described
in more details.

(Au+Pt) NPs by co-reduction. 0.031 mol of solid NaAuCls *2H,0, 0.021 mol of K;PtCls and PVA solution (1%
w/w, metal/PVA 1:1 w/w) were added to 100 mL of H,0. The yellow solution was stirred for few minutes, after
which NaBHs (metal/NaBH4 = 1/8 mol/mol) solution was added under vigorous magnetic stirring. The sol has
been analysed withdrawing samples at 0 min and every 2 hrs.

(Au@Pt) NPs by co-reduction. KoPtCls (Pt: 0.021 mmol) was dissolved in 40 mL of H,O and PVA solution (1%
w/w) (Pt/PVA= 1:1, wt/wt) was added. The yellow solution was stirred for few minutes, after which NaBH4
(Pt/NaBH4= 1:8 mol/mol) is added under vigorous magnetic stirring. NaAuCls*2H,0 (Au: 0.031 mmol) was
dissolved in 60 mL of H,O and PVA solution (1% w/w) (Au:PVA= 1:1, wt/wt) was added, under stirring. The
solution was then added to the Pt colloidal solution previously prepared and additional NaBH4 (Au:NaBHa= 1:4
mol/mol) was added under vigorous magnetic stirring. The sol has been analysed withdrawing samples at 0
min and every 2 hrs.

(Pt@Au) NPs by co-reduction. NaAuCls*2H,0 (Au: 0.031 mmol) was dissolved in 60 mL of H,O and PVA
solution (1% w/w) (Au/PVA= 1:1, wt/wt) was then added. The yellow solution was stirred for few minutes,
after which NaBH4 (Au/NaBHs= 1:4 mol/mol) was added under vigorous magnetic stirring. K2PtCls (Pt: 0.021
mmol) will be dissolved in 40 mL of H,0 and PVA solution (1% w/w) (Pt:PVA= 1:1, wt/wt) will be added, under
stirring. The solution was then added to the Au colloidal solution previously prepared and additional NaBH4
(Pt:NaBHs= 1:8 mol/mol) was added under vigorous magnetic stirring. The sol has been analysed withdrawing
samples at 0 min and every 2 hrs.

Electrochemical measurements. Electrochemical measurements were performed using an AutoLab PGStat30
(EcoChemie, The Netherlands) equipped with the NOVA 2.1 Software. Cyclic Voltammetries (CV) were
recorded (at least 5 replicates for each studied system) in a conventional three electrodes cell with a Saturated
Calomel Electrode and a Platinum wire used as Reference (RE) and counter (CE) electrodes, respectively. The
working electrode (WE) was a glassy carbon one (geometric electrode area = 0.071 cm?) modified with the
different nanoparticle solutions, after being polished with a Struers DP-Nap cloth and synthetic diamond
powder (Sigma Adrich). The modified electrode was prepared by drop casting 20 BL of the sought metal
nanoparticles colloid using an automatic micropipette (Kartell) and letting it dry for one hour. The CVs were
recorded in an aqueous solution with 0.1 M H;S04 0.1 M as supporting electrolye. The potential was scanned
between -0.25 and 1.5 V (SCE) at a scan rate of 100 mV s,

In order to follow the evolution in time of the systems, the solutions were drop-casted on the electrode at
different synthetic times (just after the start of the synthetic procedure and at two hours intervals) and then,
once dried, analysed electrochemically.
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HR-TEM analyses. Each sample has been characterized also by TEM. In particular, detailed high resolution
High Angle Annular Dark Field Scanning TEM (HAADF-STEM) imaging and energy-dispersive X-ray spectroscopy
(EDX) analyses were carried out using FEI Titan 80-300 cubed microscope operated at 200 kV accelerating
voltage for a deeper investigation of the AuPt structure. This microscope is equipped with double aberration
correctors, providing ultrahigh-resolution HAADF-scanning TEM (STEM) images, and an Oxford Inca energy
dispersive X-ray (EDX) spectrometer equipped with a 30 mm? ultrathin window Si/Li X-ray detector. EDX data
were collected either as spectrum images, in which a focused electron probe was scanned across a region of
interest during data collection, or in stationary spot mode, where an emitted X-ray spectrum from 0-20 keV
energy range is acquired from a specific point on a particle using a probe size less than 0.5 nm. Spectra were
acquired with a probe current of approximately 0.1 nA and dwell times between 200 and 400 ms per pixel, in
the case of maps, and 20-30 seconds per analysis in spot mode. STEM HAADF images were acquired using FEl's
TIA software and Oxford’s INCA microanalysis software was used for EDX acquisition and analysis. The atomic
fractions of gold and platinum were quantified by the Cliff-Lorimer method on relative intensities of the Pt-La
and Au-La peaks using k-factors provided by the EDX system manufacturer.
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