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In this paper we report the application of a suitable methodology to study the morphology, structure and
composition of core@shell nanoparticles (NPs) systems with polydispersity in the shell thickness, with
subnanometer resolution and good sampling. Through the combination of Medium Energy lon Scattering
with Transmission Electron Microscopy, we perform a systematic investigation on core@shell Au@Ag NPs
synthesized by an original wet chemical method. For samples synthesized with baths of different AgNO3;

concentrations, the present approach allowed us to determine the NP’s Ag shell thicknesses distribution
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of about a few nanometers around the Au core.
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1. Introduction

The particular optical properties of colloidal metallic nanoparti-
cles (NPs) have been applied on glass technologies for thousands of
years in the human history. Particularly, the use of NPs composed
by gold and silver in glasses has been noticed since the Roman era
[1]. Nowadays, bimetallic NPs still are of immense interest from
both, the scientific and the technological points of view, since their
physical properties can be controlled by tuning the NP character-
istics such as size, shape, composition, crystallinity and surface
properties. Bimetallic core@shell NPs form an important class of
nanostructures whose applications are linked to catalysis, cancer
immunotherapy, hydrogen fuel-cell devices and plasmonics among
others [2-10]. In these systems, each NP has a multicomponent
nature and its parameters can be individually tuned to manipulate
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the desired properties accordingly with a specific application. For
example, the control of Ag shell thickness in Au@Ag NPs sys-
tems allows the tuning and enhancement of the Ag resistance to
oxidation, which is important for the development of plasmonic
sensors [8]. Irrespective to the wide variety of synthetic proce-
dures available in literature [11,12], the formation mechanisms of
core@shell NPs and even single-component NPs have been much
less investigated. Therefore, the understanding of how several syn-
thesis parameters operate is limited and so is the control over
the characteristics of the NPs. The mechanistic studies require an
accurate characterization of the properties of the produced NPs
as a function of the synthesis conditions in order to unravel the
physicochemical processes involved in their formation. A reliable
characterization is necessary to precisely determine the relations
between the structure of the NPs and their particular properties.
Therefore, the developments of suitable techniques which allow
the investigation of the NPs morphology, structure and composition
with subnanometric resolution and good sampling, is a mandatory
requirement [13]. Within this context, UV-Vis spectroscopy has
been successfully employed to qualitatively characterize Au@Ag
NPs owing to their plasmonic properties [14-16]. However, the
quantitative morphological and compositional characterization by
this technique has not been informed. Mainly, the difficulties for
obtaining data about the morphology and the composition of NPs
from UV-Vis are due to the need for a theoretical modeling of
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the spectra. Furthermore, Transmission Electron Microscopy (TEM)
is the most commonly used technique for the study of the mor-
phology and composition of Au@Ag NPs since the NPs can be
individually analyzed and no modeling is needed. Conventional
TEM, High Resolution TEM (HRTEM) and Scanning TEM with High-
Angle Annular Dark-Field (STEM-HAADF) imaging in combination
with Energy Dispersive X-ray Spectroscopy (EDS) technique have
been successfully applied to resolve individual Au@Ag NPs shape,
sizes of the Au core and the Ag shell as precisely identify well as
their local composition [2,7-9,17-19]. However, a poor sampling
is normally achieved since the analysis is usually performed only
over tens to a few thousands of NPs. This restricts the TEM sta-
tistical analysis to samples that are nearly-monodisperse since, if
the sample is polydisperse, the analysis would be unreliable. As
a consequence, synthesis protocols which drive to polydisperse
samples are limited to a merely qualitative analysis by the conven-
tional techniques. With the lack of information, conclusions about
the factors which contributes to a decreasing of sample quality
may be lost and, also, the underlying mechanisms. The Medium
Energy lon Scattering (MEIS) technique, on the other hand, typ-
ically probes a sample area of about 108 times higher than TEM
[20-22]. In addition, its use to analyze nanostructured systems has
drawn great attention due to its potential as a tool for the charac-
terization of the shape, size, local composition and stoichiometry
of NPs systems [23-26]. Particularly on core@shell NPs, it has been
recently demonstrated that MEIS is a powerful technique to investi-
gate their compositional and morphological properties, such as the
size of the core, thickness of the shell, as well as their local composi-
tions with sub-nanometer resolution [27,22,26,28]. In addition, the
recent development of the PowerMEIS software has expanded the
possibilities of using MEIS, allowing to simulate and model MEIS
spectra of any kind of nanostructured system, of any kind of shape,
composition and spatial distribution [20,21,22,29,30].

In the present work we have extended the application of MEIS
to a systematic investigation of the morphological and composi-
tional properties of Au@Ag NPs which are polydisperse in both,
morphology and composition. The Au@Ag NPs were produced by
chemical reduction of water soluble metal salts precursors in a
seed-mediated approach. Through the TEM observations, the typ-
ical average NPs sizes and shapes were obtained, which allowed
the definition of a geometrical model to be used as an input for
the MEIS analysis with PowerMEIS. The local compositional and
morphological parameters were later refined. Following this pro-
cedure, the size distribution of the seed Au NPs was obtained; the
formation of single Ag NPs in addition to a Ag layer on the Au NPs
were identified, and the Ag shell thickness and its dispersion were
determined.

2. Experimental

Au NPs seeds synthesis (s112): 1mL of 0.1 M NaBHy4 ice cold
solution was added under vigorous stirring into 50 mL of 0.2 mM
HAuCl4 and 2 mM HAc (Acetic Acid) aqueous solution heated up to
90°C. The heating was kept for 30 min until reaction was complete.
The Au NPs obtained are named hereafter as “seeds” or “gold seeds”.

Au@Ag NPs synthesis: core@shell NPs were synthesized by using
aseed mediated approach, where gold seeds are added into reactive
solutions (baths) for the silver deposition to take place. A typical
bath is a solution containing AgNO3 and a mild reducing agent in
acid pH values. In this work the baths were formed by a 0.5 mM
NH3/2 mM HAc buffer (pH ~ 6), 0.1 mM Hydroquinone (H,Q) and
variable AgNO3; concentration: 0.02 mM (s113), 0.03mM (s114)
and 0.04 mM (s115). In these solutions nucleation of Ag NPs does
not occur for at least a few hours as the spectroscopic evidence
suggests.

In all cases, core@shell NPs were obtained by adding 0.1 mL of
the gold seed suspension into 10 mL of the bath under stirring. The
reaction was complete after approximately 2 h, after which stage
no significant changes were detected in the spectroscopic signal.

Routine characterization: The extinction spectra of the NPs
where recorded using a Shimadzu UV-1200 spectrometer with
a 1cm quartz cell at room temperature. For the morphological
characterization, several Transmission Electron Microscopy (TEM)
measurements were taken in a JEM-JEOL 1120 microscope employ-
ing an 80KkV accelerating voltage. TEM samples were prepared
without any purification treatment by seeding many drops of the
colloidal solutions onto a Formvar-carbon-covered cooper grid and
evaporating the water in air at room temperature.

MEIS characterization: The MEIS measurements were per-
formed using a 151.9 keV He* beam from the 500 kV electrostatic
accelerator at the lon Implantation Laboratory, Institute of Physics
- UFRGS. The samples were mounted in a 3-axis goniometer inside
the analysis chamber kept under a pressure of about 10~7 mbar.
Typical beam current was less than 15 nA. The normal incidence
was used and backscattered He* ions emerging from the tar-
get were analyzed using a Toroidal Electrostatic Analyzer (TEA)
mounted at 120° with respect to the beam direction. At the top end
of the TEA a set of two microchannel plates coupled to a position-
sensitive detector allows each ion to be energy- and angle-analyzed
leading to 2-D spectra. The TEA angular aperture is 24° and each
angle bin corresponds to 0.08°. The overall energy resolution of the
system is 500 eV. Details of the data analysis are described in Refs.
[20,21,22,29,28]. The ion scattering intensities were analyzed by
using the PowerMEIS program [29]. This software calculates the
ion scattering intensities as a function of the backscattering energy
and angle. For this purpose, the sample is discretized in space by
using 3D matrices, where each matrix element stands for specific
composition, stoichiometry and density of the material. In this way
the set of NPs was generated with specific shapes, size and pair
correlation function. The PowerMEIS program can handle any geo-
metric shape, size distribution, and density of the nanostructures. It
also accounts for the asymmetry of the energy loss-distribution due
to the backscattering collision and also multiple scattering effects.

MEIS samples preparation: Si/SiO, wafers were functionalized
with APTES (3-Aminopropyltriethoxysilane) in order to improve
the binding of NPs to the surface. The Si/SiO, functionalized wafers
were prepared by immersion in ethanol and ultrasonication dur-
ing 2 h, then the wafers were immersed in a toluene 1% APTES
solution by 30 min. After, the wafers were rinsed with ethanol and
milli-Q water. To bind NPs to the substrate surface, the function-
alized wafers were immersed by 24 h in the NPs solutions; finally
they were washed with milli-Q water and dried at room tempera-
ture before the MEIS measurements. The samples’ morphology was
characterized by atomic force microscopy (AFM) using a Bruker-
Innova system in tapping mode at air. The topological images were
processed with the WSxM 5.0 software [31]. The AFM images indi-
cate that NPs are attached in an homogenous distribution onto the
surface with very little aggregation (see Fig. S1 on the Supporting
Information).

3. Results and discussion

Fig. 1a shows a typical TEM image of the sample containing Au
NPs seeds whereas in Fig. 1b is shown its size distribution. The NPs
appear to be small spheres with a narrow size distribution, with
radius of (3.54+0.6) nm.

Fig. 2a shows the extinction spectra corresponding to Au@Ag
NPs obtained by varying the baths’ AgNO3 content (lines blue, green
and black). If compared this spectra with those of the seeds NPs
(red line), the Surface Plasmon Resonance (SPR) peak associated to
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Fig. 2. (a) UV-Vis spectra of the Au@Ag NPs prepared with baths of variable AgNO3 content (0.02 mM for s113, 0.03 mM for s114 and 0.04 mM for s115) and the spectrum of
the Au NPs seeds with the same dilution as in the baths (s112). TEM images of s113 (b), s114 (c) and s115 (d) Au@Ag NPs samples (the same color is used for each specimen’s

spectrum and image frame). Scale bars: 50 nm.

gold (at ca. 520 nm [32]) is blue shifted for over 16 nm in all cases.
This feature indicates that silver is deposit onto the Au NPs sur-
face [14-16] since such a great shifting cannot be caused by the
simple superposition of monoelemental NPs (for a more detailed
discussion see Fig. S2 in the Supporting Information). Moreover, a
peak is developed around 410 nm associated to the SPR of silver. As
expected, the intensity of this peak increases with the silver con-
tent due to a major extinction cross section associated to silver. This
could be originated by the growth of the silver shell over the Au NPs
but may be also associated to the formation of Ag NPs. TEM images
(Fig. 2b-d) reveal that the silver deposit is not homogeneously dis-
tributed neither along a single NP surface nor between particles.

Also, Ag NPs presence is observed for the higher AgNO3; concen-
trations (0.03 mM and 0.04 mM, ¢ and d images respectively). As
described in the experimental section, Ag NPs nucleation does not
occur in the baths for at least a couple of hours despite the pres-
ence of the precursor (AgNO3) and the reducing agent (H,Q). This
is due to the acidic nature of the solution where nucleation by H,Q
is kinetically inhibited [33]. This analysis leads to a question: why
Ag NPs are formed after the seeding? A possible answer can be pro-
posed by considering the presence of chloride anions coming from
the gold precursor employed (HAuCl,) that remain in the solution
of the gold seeds. The chloride ion concentration in the baths after
seeding is 0.08 mM; this is enough to trigger AgCl precipitation for
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AgNOs3 concentration values higher than 0.002 mM. So it is reason-
able to think that AgCl precipitation occurs simultaneously with the
reduction reaction driving to Ag NPs formation by heterogeneous
nucleation over the AgCl nuclei.

The blue shift in the SPR associated with gold indicates the for-
mation of the silver shell on the Au NPs [14-16], however, it does
not provide any direct information about the size and shape of such
shell. In addition, by analyzing spectroscopic results only, it is not
possible to clearly distinguish how Ag NPs and Ag shells do con-
tribute to the extinction peak around 410 nm. Furthermore, TEM
analysis allows to obtain direct evidence of the silver shell and
the Ag NPs formation, although getting quantitative information
is harder due to the variety of nano-objects in the samples (Ag NPs
and Au@Ag NPs with different size, shape and composition). In such
heterogeneous system, the poor sampling conditions in TEM (NPs
analyzed less than 1 x 10~>%) make a statistical analysis unreliable;
therefore, a more detailed TEM characterization would not con-
tribute significantly to the analysis. In what it seems a dead end
with conventional techniques, MEIS represents an attractive alter-
native to the classical morphological analysis, as it will be shown
below.

Fig. 3a shows the MEIS scattered intensity of the mentioned four
samples, normalized by the intensities of the Au peaks at the scat-
tered angle of 131°. The intensities from the backscattering at Au
and Ag atoms are indicated in the figure as well as the energy posi-
tion corresponding to Au and Ag atoms at the surface. If compared
with the signal of the Au NPs seeds (red line) it can be noticed
that, the presence of Ag (i) affects the shape of the Au peak and,
also, it (ii) causes an average energy shift of about 1.5 keV for the
Au signal, which was taken comparing the highest energy value at
the half maximum intensity. These observations constitute a clear
evidence of the Ag deposition on the Au NPs surface. In addition,
(iii) the signal corresponding to Ag atoms starts from an energy of
about 134.3 keV, the backscattering energy for Ag atoms located
at the surface. Since those three features are well known as been
typical for core@shell NPs [26,28], it indicates the formation of a
compound NP with a Ag shell and a Au core.

From the areas of the Ag and Au MEIS signals in Fig. 3a, the total
amount of Ag relative to the total amount of Au atoms was deter-
mined. This ratio is presented in Fig. 3b as a function of AgNO3 bath
concentration. As expected from the experimental conditions and
the spectroscopic results, the Ag atoms proportion increases with
the AgNO3 concentration. It is important to point out that the ratios
determined by MEIS are related to the macroscopic stoichiometry
of the whole sample and not necessarily to the individual composi-
tion of the NPs. So, similar with the spectroscopic analysis, it is not
possible to determine from the elemental composition if the silver
is forming shells or Ag NPs. In Fig. 3b are also represented the Ag/Au
ratio calculated directly from the concentrations used in the exper-
iments. It is clear that the experiment and MEIS ratios diverge for
increasing AgNO3 concentration. This may be related to the sam-
ple preparation; it is possible that Ag NPs formed at high AgNO3
concentrations (Fig. 2c and d) adsorb on the substrate in a higher
proportion than Au@Ag NPs in respect to that of the solution and,
as a consequence, silver composition is higher on the wafers. This
is also consistent with the increasing discrepancy in the elemen-
tal composition with AgNO3 concentration between MEIS and the
experiment since at higher AgNO3 concentration more AgCl pre-
cipitation is expected and thus, more Ag NPs are supposed to be
formed.

Up to this point, MEIS analysis allows to have complementary
evidence to the main observations drawn from the conventional
techniques. Nevertheless, as will be shown below, a quantitative
analysis of these polydisperse samples can be made through the
modeling of MEIS signals. This allows to go deeper into the anal-
ysis of the NPs obtained and, consequently, gain in understanding

Ag Au

L] Ll \ L) II \N L] I
o > >
S 7 _ ° loa b ¢ l:'
s (a) © =131 2 12
2 | 1z 17 ]
g Sample |i lE
g ——s12 18 g
=1 —+—s113 1® 1° 1
£ —e—s11a 3 |
§ | —e—st115 A
n J
3 %)
N S
T
£
=
[]
=

120 125 130 135 140
Energy (keV)

Composition Ratio (Ag/Au)

I I I
0.02 0.03 0.04
AgNO, Concentration (mM)

T
0.00 0.01

Fig. 3. (a) MEIS scattered intensity for samples s112-s115, normalized by the inten-
sities of the Au peaks at the scattered angle of 131°. The vertical dashed lines
correspond to the energies where Au and Ag are at the surface. (b) Total amount
of Ag relative to Au atoms measured by MEIS (black dots) and calculated directly
from the used concentrations in the synthesis (blue triangles) for each sample stud-
ied here and the MEIS linear fitting (red line). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of the article.)

about the process involved in their synthesis. Here we have used
the sample s112, without Ag, as a reference to characterize later
the core-shell structure of the other samples. The size of the NPs
on sample s112 was also determined by MEIS analysis. Simulations
of the MEIS spectra at different scattering angles were performed
by using the PowerMEIS code [29]. In order to assess the influence
of qualitative features of the sample on the MEIS simulations, all Au
NPs were considered as spheres in consistency with the TEM anal-
ysis. The sphere radius was assumed as an adjustable parameter in
a range of values that includes the average radius estimated from
TEM.

The simulated spectra were compared with the measured ones
at three different scattered angles: 109°, 120° and 131° (shown in
Fig. 4a-c), assuming as figure of merit for the fitting quality, the
reliability criteria R% [20] that reads

N
R? = %Z[l(r)sm,i—lEXPv’}z’ v
i1
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Fig. 4. (a-c) Simulated MEIS spectra (red lines) compared to the measured ones
(grey line-open circles) at three different scattered angles for the sample s112. (d) R?
values (full black circles) as a function of the Au NPs radius and the cubic polynomial
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respectively, were obtained from this polynomial fitting. (For interpretation of the
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of the article.)

where I(r)sim,; and Igyp,; correspond to the simulated, for a radius r,
and experimental ion scattering intensities respectively, and N to
the number of angles. For each scattering angle, the energy window
was selected to correspond with the Au signal only. Fig. 4d shows
the reliability values as a function of the radius of the Au NP, where
the full circles correspond to simulations and the line is a cubic
polynomial fitting. Hence, the best fitting is given by the minimum
of the reliability function, corresponding to a radius of 3.8 nm.
The size distribution of the NPs was estimated also from the R?
criteria. In this case, the fitting of the experimental data was made

by considering a linear combination of the simulated MEIS spectra
for different radii of NPs. A finite set of simulated NPs spectra was
considered varying the radii of NPs in the range of 3.0-5.0 nm with
a 0.5nm interval. The TEM size distribution was used to set the
initial values of the coefficients of the linear combination. A mini-
mization of R? was made by varying the weights of each simulated
spectra, where the linear coefficients were optimized with the only
restraint that they should remain positive. The minimum R? value
was obtained for a radius of (3.8 +0.4) nm.

Since the Au NPs sample is nearly-monodisperse, the statistical
analysis based on TEM images is reliable and a direct comparison
with MEIS results is possible. The estimation of the mean radius «r>
from the analysis of MEIS data falls into the interval <r> £+ o obtained
from TEM images statistical analysis (2.9-4.1 nm), within a differ-
ence between both values of < as high as the 9%. This similarity
between the <> values reveals the consistency of both analyses,
making them reliable. It also indicates that the starting assumption
made on by considering Au NPs to be spheres in order to analyse
MEIS data is quite reasonable. The importance of such a result is
stressed when particular aspects of TEM and MEIS are regarded.
These techniques operates under sampling conditions which are
quite different, given that the typical TEM sample area can be 108
times smaller than the MEIS one. In particular, MEIS signal is more
sensitive to the bigger NPs, since they contain many more atoms.
The proximity between neighboring or near-overlapping NPs is
also a feature to consider, since this may cause an increasing of
the energy loss straggling, which is more often associated with
larger NPs. For this reason, the presence of NPs aggregates should
be avoided in MEIS samples since that may be a source of artifacts
in the characterization. Unlike in TEM, where sample preparation
frequently consists in drying a drop of a colloidal solution, sample
preparation in MEIS often requires a more elaborate methodology.
In our particular case, NPs aggregation in MEIS samples is avoided
since no drying is needed. The NPs are electrostatically bound to
APTES amino terminal groups and, as is shown in Fig. S1, the NPs
are homogenously distributed among the surface and no aggregates
are observed.

MEIS results corresponding to Au@Ag NPs samples were ana-
lyzed by assuming that the addition of AgNO3 does not modify the
existing Au NPs morphology, as expected considering the experi-
mental conditions. Several MEIS simulations for Au@Ag NPs were
performed by setting the core radius (Au NPs) in 3.75 nm for dif-
ferent thicknesses of the Ag shell (Fig. 5a). It must be pointed out
that the silver shell thicknesses cannot be determined directly by
analysing the silver MEIS signal since Ag atoms do not form a
homogenous spherical shell, as the TEM images indicates (Fig. 2b).
Added to this, the possibility of Ag NPs presence in the samples
makes the modelling of silver MEIS signal very complex because of
the many parameters that would have to be adjusted. On the other
hand, Au signal is only affected by the amount Ag that is deposited
over the surface of the Au NPs. This makes the study of the Au sig-
nal much more convenient since it enables to leave aside from the
analysis the Ag NPs, in the case they are present, and account for
the Au@Ag NPs only. To exemplify these points, in Fig. 5b are shown
the simulated MEIS spectra of a sample containing only Au@Ag NPs
(pink line) and a sample containing monometallic Ag NPs and Au
NPs (black line). As can be seen, if the silver is not deposited over
the Au NPs but, instead, is forming Ag NPs, then the Au signal is the
same as for the pure Au NPs (red line). If silver is deposited over the
Au NPs surface, then, the Au signal is shifted to lower energies as
compared to the pure Au NPs signal. Hence, in a sample containing
a mixture of Au@Ag NPs and Ag NPs, the Au signal is only sensitive
to the Au@Ag NPs.

As is evidenced in Fig. 5a, Au signal cannot be well fitted
by considering only one single value of shell thickness. This is
not surprising since TEM images clearly show that Ag shell is
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not homogeneously distributed as mentioned before. Hence, to
properly fit the Au signals, a Ag thickness distribution has to be
considered. Furthermore, the shape and position of the Au peak are
nearly the same for the three samples with Ag (Fig. 6a), with energy
differences as small as for an atomic Ag layer (0.2 keV or less). This
necessarily implies that the Ag thickness distribution should be
about the same for the three samples containing Au@Ag NPs (s113,
s114 and s115). Therefore, a single fitting was performed over an
average of the Au signals of the three samples. The R? function was
minimized using a single linear combination of the simulated MEIS
spectra with different shell width. The fitting procedure was very
similar to that described for the Au NPs size distribution. To gener-
ate the set of simulated spectra, Au@Ag NPs were considered to
be spherical, the Au core radius was set at 3.75nm and the Ag
shell thickness was vary between 0.0 nm (pure Au NPs only) and
5.0nm with a 0.25nm interval. It is important to notice that the
non-homogeneous Ag shells are implicitly considered in the distri-
bution since the spectrum for such a shell can be also represented
by a linear combination of the spectra of spherical Ag shells. The
best fitting to the Au signal of the experimental spectra is shown
in Fig. 6a in a red solid line. The corresponding Ag shell thickness
distribution for all samples is shown in Fig. 6b.

The similarities in the Ag shell distribution between the sam-
ples, as MEIS results show (Fig. 6a), indicate that the higher AgNO3
concentration in samples s114 and s115 does not produce thicker

Experimental
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Fig. 6. (a) MEIS spectra in the Au peak energy range, normalized by the intensities
of the Au peaks at the scattered angle of 131° for the samples s113-s115 (dots and
lines) and simulated MEIS curve (red solid line) considering a Au core radius of
3.75nm and the Ag shell thickness distribution shown in (b). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of the article.)

Ag shells than the one obtained in s113. Hence, the increase of the
Ag SPR extinction in Fig. 2a so as the increase in the Ag proportion
in MEIS (Fig. 3) is associated to a higher Ag NPs content and not to
the presence of thicker Ag shells. The increase in the Ag NPs content
with the rise in AgNO3 concentration, instead of the Ag shell thick-
ness growth, can be explained by considering two main reactions
taking place at the same time:

Au@Ag, + 2Ag" + H,Q - Au@Ag,,, + Q @)
n _ n
(AgCD), + 5H2Q > Ag, +nCl + 5Q 3

where Reaction 2 corresponds to the growth of the silver shell and
Reaction 3 is associated with the formation of Ag NPs from AgCl
nuclei. As higher the initial AgNO3; concentration is, Reaction 2
(shell thickness increase) goes faster as it is already known [34].
Nevertheless, Reaction 3 is more favored than Reaction 2 by the
AgNOs3 concentration increase and, consequently, more AgNPs are
formed instead of the silver shell growth.

In consistency with the heterogeneous shell distribution qual-
itatively observed by TEM, the Ag shell thickness distribution
obtained from the Au MEIS signal fitting is bimodal (Fig. 6b). The
histogram shows that there is a large portion of the Au NPs surface
covered by a thin Ag layer of (1.0 + 0.3) nm. The other contribution
to the distribution corresponds to a proportion of Au NPs cov-
ered, or partially covered by approximately 4 nm of Ag. Although a
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possible interpretation to the 3.5-4 nm contribution may be the
attachment of small Ag NPs (radius ~2nm) to the Au@Ag NPs
surface, this can be neglected for two reasons: (i) TEM images
show evidence of Ag shell thickness wider than 1 nm and (ii) MEIS
samples are prepared by immersion and not by drying thus NPs
aggregation should be minimum. The formation of such a hetero-
geneous Ag shell has its origin in differences in the Ag deposition
kinetics. On one hand, silver deposition ratio may be dependent
on the crystal faces exposed in the Au NPs seeds. Also, the size of
the Au NP may play an important role since Ag UPD deposition has
been reported to be favored on flatter Au surfaces [35-38]. Another
issue to consider is that AgCl also deposit on the Au NPs and may
affect the growth process. From the synthesis point of view, many
factors that contribute to an uncontrolled shell growth may be eas-
ily minimized. For example, a possibility would be to decrease the
Cl=/Ag" ratio in order to prevent AgCl precipitation. Furthermore,
as AgCl precipitation has a kinetic involve, it can be quenched by
speeding up the reduction Reaction 2 raising H,Q concentration.
All these synthesis aspects have to be considered and are object of
further investigations.

4. Conclusions

In this work, the Au@Ag NPs synthesized by a seed medi-
ated procedure were systematically studied. The MEIS technique,
recently developed to analyze NPs, has been successfully
applied. Qualitative aspects such as Ag shell formation are
unambiguously determined by this technique. Also quantita-
tive information such as the Au NPs size and size dispersion
(r=(3.8+0.4)nm) were obtained in agreement with TEM deter-
minations (r=(3.540.6) nm). In addition, the sampling conditions
ensure to have reliable information representative of the ensemble
of NPs. This constitutes an advantage in relation to TEM, especially
in samples which are morphologically and compositionally het-
erogeneous where TEM statistical analysis may become unreliable,
which is the Au@Ag NPs current case. As MEIS analysis suggests,
the Au@Ag NPs obtained have a non-homogeneous Ag layer with
a bimodal thickness distribution. Also, no differences in the Ag
thickness have been observed despite the increase in AgNO3; con-
centration in the synthesis. Those two facts are associated to AgCl
precipitation during Ag shell growth and their control is subject of
further investigations.
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