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Temperature Effect on the Synthesis of Au-Pt Bimetallic Nanoparticles
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Pt—Au bimetallic nanoparticles have been synthesized by the polyol method and stabilized with poly-
(vinylpyrrolidone) (PVP), modifying the temperature of synthesis. Interesting structure changes were observed
in the nanoparticles as the temperature was varied. At lower temperatures no bimetallic nanoparticles were

detected, but as the temperature increased bimetallic nanoparticles started to appear, commonly obtaining

core—shell nanoparticles, always covered by the polymer. This originates the modification of the optical
response of the system in the WVisible region. An absorption peak centered at 520 nm at low temperatures
was observed (160110 °C); at higher temperatures (13Q70 °C) there were non detectable absorption
peaks, and finally at the two highest temperatures (18D °C) the reappearance of an absorption feature
centered at 510 nm was noticed. These-tiNsible results indirectly imply the composition of the surface of

the particle. The structure of the particles has been determined using transmission electron microscopy and

high-angle annular dark field (HAADF), the latter being a powerful technique to determine the structural

composition of the particles and allowing a direct correlation of the optical response with their structural

composition. X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS) studies were also performed on the samples and their results support the idea.Rf-AWRfe

structure with the elements segregated from each other. The combination of these experimental techniques

with calculated U\-vis absorption spectra allowed, in a reliable way, the elucidation of the nanoparticles
structure and elemental distribution.

Introduction parameters in the preparation is the temperature. Modifications
in temperature influence the reaction by changing the stabiliza-
tion of the complexes formed between Pt and Au and the surface
modifiers, e.g., PVP, and the nucleation rate of the reduced
metallic atomg” Characterization of these systems has been a
difficult process as stated in previous repdf& where
researchers have employed indirect measurements to identify
the localization of the elements within the nanoparticles. A novel
approach to study this kind of particles is based on the use of
a high angle annular dark field (HAADF) technique, in a
transmission electron microscope (TEM), which allows the
observation of the interfaces between layers of different elements
due to differences in atomic number, densities, or the presence
of strain fields due to differences in lattice paramet&rghis

is mainly useful when the structure of the particles is of the
core-shell type. On the other hand, it is known that small
metallic particles show characteristic absorption bands in the

Bimetallic nanoparticles are of great interest because of the
modification of properties observed not only due to size effects,
but also as a result of the combination of different metals,
either as an alloy or as a corshell structure, modifying the
catalytic, electronic, and optical properties of the monometallic
nanoparticled: >

For this purpose, many colloidal methods of synthesis have
been approached to obtain bimetallic nanopartittéssuch as
homogeneous reduction in aqueous solutfomsphase transfer
reactionsi® with sodium citrate, hydrazine, NaBHand lithium
trietilborohydride (LiBEg§H) as reducing agents, each of them
yielding products with different physicochemical and structural
characteristicd! Among these, the polyol method has been
reported to produce the corshell type of nanoparticles as the
final product$12-14 easily changing composition and surface
modifiers. This technique does not require an additional reducing . . - .
agent since the solvent by itself reduces the metallic spétiés. UV—vis region of the__electromag_netlc spectrum, buF t.he"
However, besides the stoichiometry and order of addition of spectrum can be modified depending on the characteristics of

reagents in the synthesis process, one of the most importantN€ Suspending medium, composition of the metallic structure,
the presence of surfactants or any other surface modifier besides
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surface, the size of the particles, and their ecskell features )
and related these responses with the nanoparticles structuraj
characteristics as observed by HAADF and as analyzed by X-ray
absorption fine structure spectroscopy (XAFS).

Experimental Section

The basic polyol method was followed to obtain mono and
bimetallic nanoparticles passivated with poly(vinylpyrrolidone)
(PVP). Hydrogen tetrachloroaurate (HAuULCI(IIl) hydrate

(99'992/0)’ hexaChlorOplatm.lc (v aCId GRICE) hydrate Figure 1. (a) HAADF image of Pt nanoparticles synthesized at
(99.99%), and poly (N-V|nyl-2-pyrro_lld0ne) (.P\:LFKBO, 140°C. Here we can observe a well dispersed sample with a narrow
MW = 40000) were purchased from Sigma Aldrich, and 1,2-  gjze distribution. (b) Particle size distribution of this sample. The average
ethylenediol (99.95%) was purchased from Fischer Chemicals; size observed is 3.11 nm, with a standard deviation of 0.5 nm. The
all the materials were used without any further treatment. nanoparticles synthesized at 100 and T@D showed very similar
A 0.4 g sample of Poly (N-vinyl-2-pyrrolidone) (PVP) was characteristics.

dissolved in 50 mL of 1,2-ethylenediol (EG) under vigorous
stirring, heating in reflux, until the desired temperature was
reached (working temperatures ranged from 100 to I®@n

[

23 34 4

Particle Size jnm)

Reaction proceeds in general as an oxidation of the ethylene
glycol reducing the metallic precursor to its zero-valence

2,23
increments of 10°C). For the monometallic nanoparticles, a staté
0.1 mM aqueous solution of the metal precursor was added to oxidize
the EG-PVP solution, with continuous agitatiom &h in reflux. OH—-CH,—CH,—OH > CH;—CHO + H,0

When preparing the bimetallic nanoparticles, the following _ .
criteria was used: after complete dissolution of PVP in EG, 2 4(CH;—CHO) + H,PICl

mL of an aqueous solution of JRtCk (0.05 M) was added to 2(CH;—CO—CO—CHy) + P + 6HCI
the EG-PVP solution. One minute after a change in color of

the solution from yellow to dark brown was observed, 1 mL of This is the reaction involved in the reduction of-Pto Pf
an aqueous solution of HAugX0.1 M) was added to the system. »

The reaction was carried outrf@ h atconstant temperature. OH—CHZ—CHZ—OHM CH,—CHO+ H,0

This order and time between precursors addition was selected

after trying several other possibilities. The one chosen for this 6(CH;—CHO) + 2HAuUCI, —

work presented the smaller nanoparticle average size and smaller A 0
standard deviation for a synthesis performed at 140 3(CH;~CO-CO-CHy) + 2AU"+ 8HCI

For the electron microscopy analysis, samples were preparedThis reaction describes the reduction of%Auo ALL.

over carbon coated copper TEM grids. HAADF images were In the o .
. . - . presence of a surface modifier, the reaction changes
taken with a JEOL 2010F microscope in the STEM mode, with depending on the ability of the metal to coordinate with it, as

the use of a HAADF detector with collection angles from 50 in the case of PVP where the metallic precursor could coordinate

mrad to 110 mrad. UM vis spectra were obtained using a 10 . ; ;
: . with the oxygen of the pyrrolidone group, when the particles
mm path length quartz cuvette in a Cary 5000 equipment. The are in the nanometer size range, while when they are in the

X-ray absorptlpr_l spectra were measured at the XAS be.am“nemicrometer size range the coordination is mainly with the
at the Labordtno Nacional de Luz Sicrotron (LNLS) in ; 4
C . SP. Brazil. EXAFS and XANES tra of the Pt nitrogen, as reported by F. Bonet et?aF:

ampinas, S, brazll. an spectra of the Platinum Nanoparticles.

Ls-edge (11.56 keV) andzedge (13.27 keV) and Augedge The synthesis of monometallic platinum nanopatrticles yielded

(1é:9222I8e\{) alnd E—edgel (1?'73) twlere rec%rded ?t 2.0 f USING  arrow size distributions centered at 3.11 nm. The temperature
a i ()jsmgs ¢ 'S]n?he -eut crysha mt?noc ro(rjna: ortln ransmli-lm the synthesis of these nanoparticles seemed to not have an
sion mode and wi ree jon chambers as detectors (a me aimportant effect on neither the size nor the morphology, as

foil was Iocated_ before the third_ chamber in order to measure observed by Bonet et 4. The Pt particles showed a tendency
the reference 5|multaneou§ly W't.h the sample). Th? Pt mono- toward spherical shapes. Figure 1a shows a HAADF image of
Znetalllc system and the bimetallic system synthesized at 140the particle distribution, and 1b presents the size distribution
C were analyzed. typical from one sample of this system. It is seen in these images
that Pt nanoparticles are very small and have a narrow size
distribution, and they remain attached to PVP even after
Following the polyol method with ethylene glycol as solvent- purification of the system, as indicated by the dimensional
reductor, it was possible to obtain monometallic and bimetallic stability observed by TEM.
nanoparticles with narrow size distributions in systems with ~ Gold Nanopatrticles.
small particles £3 nm) and different structures depending on In contrast with the type of particles observed in the Pt case,
the temperature of reaction. The monometallic synthesis of the shape and size of gold nanoparticles differs greatly from
nanoparticles by itself showed distinctive morphologies of the one temperature of synthesis to the next one, observing a high
nanoparticles depending on the temperature of reaction. As forpolydispersity in all these Au systems. The growth behavior is
the bimetallic, it was possible to detect differences in the modified when temperature changes, allowing the presence of
structures of the nanoparticles, which varied from ecsieell one-dimensional structures, spheres and angular structures.
nanoparticles to nanoparticles where the metals form eutectic At 100°C large particles were observed] um) in a variety
alloys, as it will be discussed later in the text. Also, the size of of different well-defined geometric forms such as triangles,
the bimetallic nanoparticles was modified by the variations in decahedrons, and truncated triangles, as observed in Figure 2a.
the temperature. Also rods with diameters between 50 and 150 nm and a few

Results
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Finally, at 190°C the particles observed-@50 nm) were
smaller than in the last two cases mentioned. At this temperature
we can observe again particles with more geometric shapes than
the ones observed at 14Q, as we can see in Figure 2c. Some
rods with less than 100 nm in diameter and less thamlin
length were observed. The final product at this temperature had
a purple color with an observable precipitation of Au at the
bottom of the flask.

Bimetallic Gold—Platinum Nanoparticles.

In the analysis of bimetallic systems, the reaction was studied
under different temperatures observing the effect on the structure
of the particles as a function of the rate of reduction and/or
nucleation, size and dispersion. Also, the optical response of
the samples on each reaction condition was analyzed.

Three different regimes were observed based on the temper-
ature of reaction. Each regime showed nanoparticles with
different structural and dimensional characteristics and optical
responses. The results observed at the different temperatures
are summarized in Table 1.

The first regime includes temperatures from 100 to 120
Samples in this regime showed monometallic nanoparticles with
a bimodal size distribution for the case of 100 and 1COthe

Figure 2. Analysis of Au particles (a) HAADF image of particles ~ SMaller average size corresponds to the Pt nanoparticles, and
synthesized at 108C. Observe the well-defined geometrical shapes in the larger average size corresponds to the Au nanoparticles. The
the particles: triangles, truncated triangles and decahedrons. (b) TEMsmall Pt nanoparticles and the large Au particles observed are
image of particles synthesized at 1%0. It can be observed that the  very similar to the ones in the monometallic case for the 100
particles C_iO not have av_vell-defined shape and tend to l_:)e more roundedec case, as can be seen in Figure 3a. For the case of Au, some
(c) TEM image of particles synthesized at 190. Notice that the -~ o4q ang other geometric shapes were detected. For@20
particles have _better_deflned §ha|_oes than in the' CAtase. The image bimetalli ticl tarted t d bimodal
shows the 2-dimensional projections of the particles with a hexagonal !me, a ',C nanoparucies started to appear and no bimoda
and a pentagonal shape. distribution was observed.

The particles were determined to be monometallic from
micrometers in length were observed. All of these structures energy-dispersive spectroscopy (EDS) analysis. The analysis by
had very well-defined shapes. The final product was a clear UV —vis spectroscopy of the samples obtained at these three
solution with large Au precipitates, some of them visible to the temperatures, showed a Au surface plasmon peak or a related
bare eye. feature. At 100°C the peak is very clear; at 11C it is less

At 140 °C more rounded particles were observed, with shapes intense, and at 12TC it is almost non detectable and is slightly
less defined. These particles were also smal&00 nm) than blue-shifted respect to the previous two, centered at ap-
in the 100°C case. At this temperature the structures observed proximately 510 nm. In Figure 4a we can observe a e€sfell
tend to be more spherical than in the previous case, as we carparticle present in the 120 sample.
notice in Figure 2b. The final product at this temperature also  The second regime, from 130 to 17Q, showed bimetallic
was a clear solution with an evident precipitation of Au at the nanoparticles with only one maximum in their size distribution
bottom of the flask. and a small standard deviation. In this regime ealeell

400 nm

TABLE 1: Results at Different Temperatures

average patrticle size
T (°C) (nm) X composition of particles

100 X, =4.72X,=21.30 Au and Pt monometallic

UVvis peak structure

broad peak centered5#0 nm large Au particles, rods, triangles and pentagons.
small Pt nanoparticles.
large Au particles without defined shape.

small Pt nanoparticles

110 X;=4.24X,=27.52 Auand Pt monometallic  broad peak centered%20 nm,

less pronounced.

120 X;=3.78 Pt monometallic. AtPt:  broad peak centered 510 nm,  bimetallic nanoparticles, some cershell.
B Au 50.92%, Pt 49.08%  much less pronounced. small Pt nanoparticles.

130 X;=3.72 Pt monometallic. AttPt:  no detectable peak. bimetallic nanoparticles, some-eshell.
B Au 45.8%, Pt 54.2% small Pt nanoparticles.

140 X;=3.42 Pt monometallic. AtPt:  no detectable peak. bimetallic nanoparticles, some-esiell.
B Au 48.49%, Pt 51.51% small Pt nanoparticles

150 X;=4.13 Pt monometallic. AtPt:  no detectable peak. bimetallic nanoparticles, some-esiell.
B Au 50.5%, Pt 49.5% small Pt nanoparticles

160 X;=6.00 Pt monometallic. AttPt:  no detectable peak. bimetallic nanoparticles, some-esiell.
B Au 55.6%, Pt 44.4% small Pt nanoparticles

170 X;=6.68 Pt monometallic. AtPt:  no detectable peak. bimetallic nanoparticles, some-esiell.
B B Au 55.49%, Pt 44.51% small Pt nanoparticles

180 X;=3.73X,=7.77 Ptmonometallic. AuPt: broad feature centered-at510 nm. bimetallic nanoparticles, some cershell.

190

X1 =2.8%=6.6

Au 43.71%, Pt 56.29% less intense.

Pt monometallic. AuPt:  broad peak centered 510 nm.

Au 57.5%, Pt 42.5% less intense.

small Pt nanoparticles
bimetallic nanoparticles some cershell.
small Pt nanopatrticles

aTwenty particles for each temperature were analyzed separately and the average of their composition is reported.



3816 J. Phys. Chem. B, Vol. 109, No. 9, 2005 Garcia-Gutierrez et al.

Figure 3. HAADF image of the Au-Pt system at the two first Figure 5. HAADF image of the Au-Pt system synthesized at the last
temperatures (a) at 10€ (here we can observe larger particles (Au) two temperatures (a) at 18C (here the coreshell particles are clearly
with well-defined shapes and small particles (Pt) all over the image) observed; these samples have a bimodal particle size distribution) and
and (b) at 110C (here the bimodal distribution in size is very clear). (b) at 190°C. As in part a, samples at this temperature also present a
As in the last case, the larger particles correspond to the Au and thebimodal particle size distribution

smaller ones correspond to the Pt.

UV-Vis Spectra

-

5T
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b
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Figure 6. UV—vis spectrum of the AuPt system obtained (a) at
100°C (the Au surface plasmon peak can be observed), (b) at@40
(here no peak or feature related to the Au optical response can be
observed), and (c) at 19 (a broad feature related to the Au surface
plasmon peak can be appreciated).

and the chemical composition. UWis spectra from the three
different regimes are shown in Figure 6.
As can be observed from the UWis spectra, at lower

Figure 4. HAADF image of the Au-Pt nanoparticles system . . :
synthesized at different temperatures (a) atK2Qhere we can observe temperatures the Au surface plasmon peak is well defined. This

a 16 nm particle which presents a clear brighter core and a less brightP€@K appears in the interval from 480 to 560 nm. But as the
shell) and (b) at 140C (here the coreshell particles can be easily ~ teémperature of reaction increases, the peak starts to reduce its
observed). At this temperature the smaller particle size and the smallerintensity until it reaches the temperatures of the second regime,
standard deviation were obtained (c) at 150 and (d) I&0 where, as can be seen in Figure 6b, it becomes undetectable.
Finally, as we get to the temperature of the third regime, a
structure can be observed in some of the particles, as seen irfeature related to the Au surface plasmon peak start to be
Figure 4b. At these temperatures no Au surface plasmon peaknoticeable again, as presented in Figure 6c¢. For this last regime,
could be observed in the UWis spectra. Also, some Pt no absorption peak was observed, but a barely noticeable
monometallic nanoparticles were detected in these samples. shoulder can be appreciated between 470 and 560 nm.
The third and last regime includes the last two temperatures, The EXAFS and XANES results are presented next in the
180 and 19C°C. At this reaction conditions, bimetallic nano-  Discussion part of the work.
particles were also present as in the previous regime, as observed .
in Figure 5. However, these structures were found more sparselyDiscussion
and also a bimodal size distribution was observed. In this case | et's pegin the discussion with the first regime (100 and 110
the smaller structures correspond to the Pt monometallic °.c) As can be seen in Table 1, there is a marked tendency to
nanoparticles, which were found to be more abundant than inform well-separated monometallic nanoparticles at the two
the last regime, while the larger ones correspond to the bimetallic temperatures of this regime. The analysis of HAADF images
nanoparticles. At these temperatures a Au surface plasmongf these samples in Figure 3 show only particles with homo-
feature can be observed again in the s spectra. The  geneous contrasts. There were no identifiable changes in
composition of the particles was determined by EDS in all the ntensity that would indicate the presence of more than one type
samples. of element forming the particles. This hypothesis was supported
The analysis by UV-vis spectroscopy can be related to the with the results obtained with EDS. The optical response of
structural conformation of the particles as observed by HAADF these nanoparticles show an absorption peak localized in the
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{MIX)' particles?® From this analysis one can conclude that at higher
! PVP AMXY temperatures the reduction of the metal species will be favored
< and also the oxidation of the ethylene glycol. This will decrease
the time needed to reduce the metal precursor and the nucleation
time needed to the formation of metal particles.

e We believe that at these two lowest temperatures of the first
{Mx} regime (100 and 116C) the difference between the potential
—{Mxy of Pt precursor reduction and the oxidation of the ethylene glycol
is big enough to do not allow the Pt reduction and nucleation
before the Au is added. But for the case of Au, the difference
N between its metal precursor reduction potential and the ethylene
|—><_>=o glycol oxidation potential is small enough to allow the reduction

Figure 7. Schematic representation of the interaction between the PVP of tlhe Au Sp%CIeS tohlts zero Valer;cs state and tov\%art the
polymer chains and the metal precursor. M represents the metal and xnucleation and growth processes of Au structures. en we

the chlorine or the anionic species from the metallic precursor. add the Au to the reaction, the Pt precursor is still not reduced,
and the Au starts to reduce and to nucleate, as just mentioned,

region between 480 and 560 nm as a wide band of low intensity. @nd the Au monometallic structures that we observe in the
This band is reported as a characteristic band of Au nanoparticles /AADF images are produced. When the Pt finally reduces and

with high polydispersity, also a deviation from the spherical ~ Starts to nucleate, a stronger interaction between the Pt precursor
Shape in the nanoparticles can produce such a Speéfﬁﬁhe and the PVP could be the reason Pt and the Au did not form

Pt optical response does not appear in this region of the bimetallic structures at these temperatures. As stated by Ciacchi

electromagnetic spectru#h2’ and the UV-vis study was only €t al.?® P&* ions have showed to form covalent bonds with
based on the analysis of the Au surface plasmon peak. TheSome polymers, and act as a preferential site for nucleation of
bimodal distribution of sizes observed in Table 1 and in the Ptclusters. In our study, the Pt clusters seem to prefer remain
HAADF images of Figure 3, the EDS analysis results, and the attached to the polymer, in our case PVP, rather than interact
UV —vis spectra observed in this regime (Figure 6a) show that With the Au atoms. This leads to the formation of monometallic
in the first regime we have a solution with a combination of Au and Pt particles with the structural and optical characteristics
Au and Pt monometallic nanoparticles. mentioned before.

As stated in referenc®,Pt precursors tend to form stronger ~ The particular case of 12TC still is considerate as part of
bonds than Au precursor with the=@ groups of the PVP the first regime, mainly because we are still able to observe a
(Figure 7), which can modify the reaction kinetics decreasing small feature in the UV vis spectra related to the Au surface
its rate of reduction. Along with this effect, platinum will be ~ Plasmon peak and because we also observe particles bigger than
reduced in two stages, first to#tand then to Pt with a 10 nm. In contrast to the monometallic particles detected in the
standard redox potential reported at room temperature of 0.775Vfirst two temperatures, at this temperature we start to detect
for [Pt**Clg™]2 /[Pt?*Cl4 1> and 0.68 V for [Pt*Cl, 1% /PL. bimetallic nanoparticles.

These two facts contribute to a lower generation of zero-valence HAADF images of bimetallic nanoparticles show contrast
Pt, in comparison with Au at the time of reduction. This means with different intensities in the same particle, as presented in
that the rate of reduction and nucleation of Pt under the studied Figure 4a. In this figure, a large nanoparticle with a ceshell
conditions has a disadvantage toward the case of Au, for whichstructure surrounded by smaller nanoparticles can be observed.
a reported standard redox potential at room temperature is 1.002EDS analysis performed in these particles showed that the large
V for [Au3tCly]~/Au.”8 core-shell nanoparticle was bimetallic with a higher concentra-

This disadvantage is more pronounce at lower temperatures tion of Au than Pt, and the smaller nanoparticles were also
since at lower temperatures the oxidation potentia| of ethy]ene bimetallic. These smaller bimetallic nanopartides did not show
glycol is bigger than at higher temperatuf@dhis means that @ core-shell contrast in the HAADF images.
at lower temperatures the oxidation of ethylene glycol is less In the UV—vis spectrum for the sample presented in Figure
favored, which traduces in fewer electrons available in the 4a we observed that the wide, low intensity band due to gold
reaction environment to reduce the metals. As the temperaturedecreases and has a blue shift; which can be an effect of the
keeps increasing, the oxidation potential of the ethylene glycol deposition of Pt onto the Au surface, this damps the surface
decrease?®’ indicating that this electrochemical reaction is plasmon peak of the gold, and the curve starts to flatten. For
favored at higher temperatures. This translates as an incrementhe case of particles around 16 nm, like the one observed in
in the electrons concentration in the reaction environment. Figure 4a, the core size is around 12 nm and the shell has a

In contrast, the reduction potential of the metals is not affected thickness around 4 nm. In these cases the core must be formed
by the temperature, according to F. Bonet éP4tlis insensitive ~ mostly by Au, because it is much larger than any Pt nanoparticle
to the reaction temperature, but there still is an effect on the observed in this study, and because of the higher concentration
reduction of the precursors related to the temperature depen-Of Au in this specific kind of particles. For the case of the
dence of the diffusion of metal species. Another effect of smaller bimetallic particles, which constitute most of this sample,
temperature on the reduction of the metal precursors is that thethe core-shell structure has been observed in very few cases.
energy barrier that opposes to the reduction of the precursor is We believe that 120C seems to be the temperature where
equal to the difference between the oxidation potential of the the difference between the Pt precursor reduction potential and
ethylene glycol and the reduction potential of the metal species.the potential of the ethylene glycol oxidation is small enough
Once the oxidation potential of the ethylene glycol is lowered to allow the Pt species reduction and nucleation in a comparable
down to the same value of the reduction potential of the metal rate with Au species, considering the extra minute that has been
precursor, the reduction of the metal precursor will occur given to Pt in the reaction. This temperature value also seems
spontaneously and followed by the nucleation of metal nano- to be when the interaction between Pt precursor and the PVP
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becomes more instable and the increased mobility of the polymera) Au core-Ptshell
eases the reduction of the Pt ions, increasing the coalitions of

the zero-valence atoms which induce the formation of bimetallic o007 |
nanoparticles. However, at this specific temperature we observe
a combination of a few Are—Ptnen Nanoparticles (particles

> 10 nm) with smaller bimetallic nanoparticles that presentthe s
core—shell structure in a few cases. We got to these conclusions
from the HAADF images, the EDS analysis results and the-UV
vis spectroscopy analysis.

In the second regime, between 13D and 170°C, no UV—
visible absorption peak or feature was detected (Figure 6b), EDS
analysis showed that the observed nanoparticles were bimetallic, ;g |
no particle bigger than 10 nm were detected in any of the
temperatures and the number of nanoparticles presenting the o P o s = - o .
core—shell structure increased considerably, in comparison with Wavelength (nm)
the last temperature. All the samples synthesized at thes )
different temperatures presented the just mentioned character-
istics.

It is not an easy task to fully elucidate the entire features
related to the coreshell structures. One analysis technique is  soE04
not enough to obtain a complete insight of the elemental
distribution and structure of the corshell nanoparticles.
Researchers have to use several characterization technique
combined to gain a better understanding of the eateell
particles. In our case, we use electron microscopy (HAADF),
combined with UV+-vis spectroscopy and X-ray absorption fine
structure spectroscopy.

As we mention previously in the text, and as has been  10&
observed in the HAADF images presented for temperatures
above 11C°C, a core-shell structure is commonly detected in
some particles, with a brighter core and a less bright shell. We Wavelength {nm)
know from a previous work that this kind of cerghell contrast Figure 8. Calculated spectra for a coated spherical particle for different
is attributed to coreshell nanoparticle¥ The source of this ~ values ofg. (a) For the Auoe—Plnen case and (b) for the Ble—Aushe
contrast, according to that work, is the strain field present in case (offsets for clarity).

the interface between core and shell, due to the difference in g0 jated the volume fraction of the core and the shell based
their lattice constant produced by the difference in compositions. ;, iheir initial Au and Pt concentrations to calculate the £V
Then we tried to determine which element was located in vis spectra. They also observed an increment and a red shift in
the core and which one in the shell. As a first approximation the Au surface plasmon peak for thedt-Ausher case as the
we proposed a Addre—Plnenstructure. On the basis of previous Ay shell thickness increased and a decrement with a blue shift
works reported by several auth@rs! 81213202131 3%e proposed  in the Au surface plasmon peak for the f—Ptne case as
that the deposition of a Pt shell on top of a Au core will be the Pt shell increased.
responsible for the disappearance of the Au surface plasmon e obtained the average particle size andghelue from
peak on the UV-vis absorption spectrum. It has been reported our experimental images. For the sample synthesized at
that the deposition of one metal on the other can produce 140°C, we measured an averagealue of 0.29. And for the
damping of the surface plasmon peak related to the metal where180°C and 190°C temperatures we obtained an averggalue
the second one is depositing; this has been reported not onlyof 0.45. If we compare our experimental spectra form Figure 6
for the Au—Pt system but also for the AtPd, Au-Cu, and  with the calculated ones, based on the amplitude of the-UV
Ag—Co. We wanted to compare our results with theoretical ones vis absorption peak and tlgevalues obtained from our samples,
calculated by means of Mie theory for coated particles, as haswe concluded that the Rte—Aushel spectra describe in a more
been done by several authors in other related wotRs2From accurate way our experimental results.
ref 4 we obtained the expression to calculate the spectra of To obtain additional information on the metals interaction in
core-shell nanoparticles and the optical constants from refs 33 the bimetallic nanoparticles and the nature of the core and the
and 34. For this model we also need the volume fraction of the shell, we performed a number of synchrotron X-ray absorption
shell layer,g. Forg = 0 we have the same case of a particle studies on the samples of Pt monometallic nanoparticles and
made only from the element present in the core, angjferl the bimetallic nanoparticles synthesized at 240 Figures 9
it is the same case as if we have a particle made only from the and 10 compare the normalized P4 &nd L-edges XANES
element present in the shell. We will obtain this parameter  spectra for the Pt monometallic nanoparticles and for the
from our experimental HAADF images. The calculated spec- pimetallic nanoparticles synthesized at 14D with those for
tra for several values of and for the two possible cases, the bulk Pt. The difference spectra are also presented in order
AUcore—Ptsnet and Pore—Aushen are shown in Figure 8. to give emphasis to the variations in the white line intensity
Our results for the calculated UWis absorption spectra were  between the mono and bimetallic samples respect to the Pt bulk
in great accordance with those reported by L. M. Liz-Marzan system. The observed changes in Figure 9 for the monometallic
and A. P. Philipsé.In their work they calculated the UWis sample have been already shown, both theoretically and
spectra for both cases Ay —Ptshen and Pore —AUgherr They experimentally for bare Pt nanoclusters and Pt supported ones,
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Figure 9. Comparison between the absorption(g) and L; (b) edges
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Figure 11. Comparison of the radial distribution functions of the Au
foil (solid line) and the bimetallic system synthesized at 1@gdashed
line), in the Au L; edge. The bimetallic system was measure at 20 K.
The Au foil Fourier amplitude was divided by 5 for scaling purposes.

TABLE 2: Fractional Change in the Total Number of
Unfilled States in the d Band Compared to the Number in
the Platinum Foil (f5) and the Number of Unfilled d States

of Pt nanoparticles (dotted line) and bulk Pt (solid line). Dashed lines in the Samples lr) for Pt Nanoparticles and Bimetallic
show the difference spectra between nanoparticles and bulk Pt samplesSystem Synthesized at 140C
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Figure 10. Comparison between the absorptiof(&) and L, (b) edges
of bimetallic sample synthesized at 140 (dotted line) and bulk Pt

sample § hrs
Pt nanoparticles (14fC) 0.0148 1.624
Pt—Au (140°C) 0.0089 1.614

al383% As it can be seen from Table 2, the variation in the

number of 5-d holes of the bimetallic sample synthesized at
140°C is of the same order of magnitude of the monometallic
system.

The trend observed for the Pt XANES L-edges spectra is also
observed when analyzing Awland Ls XANES spectra, but as
no white line is present in Aud-edge spectrum, the differences
are even smaller and difficult to quantify.

Obtained XANES results on Pt and Au L-edges show, in
summary, that there is no electronic transfer between Au and
Pt, this would constitute an indirect evidence that the elements
are segregated from each other and are not forming an alloy.

Figure 11 shows the radial distribution function of Au
(without phase correction) for the bimetallic sample synthesized
at 140°C, obtained from the Au4.EXAFS spectrum. These
EXAFS data lets us identify which of the elements are in the
shell in the bimetallic nanoparticles. This identification is based
on the presence of a contribution in the radial distribution

(solid line). Dashed lines show the difference spectra between bimetallic function of Au in the range of 42 A. These contributions are

AuPt nanoparticles and Pt-bulk samples.

respectively?®>36 for small Pt clusters and are exclusively
ascribed to size effects.

It is well-known that the formation of Pt-metal bonds modifies
the chemical properties of Pt. There are also electronic
perturbations induced by alloy formatié#r,*3 evidenced in the

the typical bond distances for low Z elements such as O, N,
and C, which are present in the PVP. An analysis of the
amplitude and phase of this contribution confirms that this low
R contribution in the radial distribution function of Au is due
to low Z scatters.

In contrast, such contribution is not observed in the radial
distribution function of Pt atoms as it is shown in Figure 12.

yvhite Iinel intens.ity. In our case, thesg changes are not observedrhe comparison with the bulk Pt shows that in the surroundings
in the bimetallic clusters (see Figure 10) and the small of Pt atoms only Pt atoms are found and there is no evidence

differences between the sample’s and the Pt fgiptofiles can

be ascribed in principle only to size effects as in the monome-

tallic sample.
This qualitative observation at the differenceslXANES

of any low Z scatters.

All these results support the idea of a ceshell structure
for the temperatures of the second regime, where the core is
made from Pt and the shell is made from Au, segregated from

spectrum, between samples and Pt-bulk reference, can besach other. For the case of the particles that do not present the
quantitatively confirmed by determining the change in the core—shell structure, an eutectic alloy is proposed, where both
number of 5-d holes in the bimetallic system for the platinum elements are present in the particle, but segregated from each
atoms using a variation of the method described by Mansour etother in a different way from the coreshell. From these results
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- - T T T difference; however, the elemental chemical composition of both
structures are Au and Pt. In a previous wétk,was mentioned
that core-shell contrast depends on the orientation of the particle
with respect of the electron beam in the TEM. On the basis of
this argument, we performed some tilting experiments in
particles that did not show coreshell contrast, like some of
the particles observed in Figure 4. Some particles showed-core
shell contrast after a few degrees of tilting, but there were other
particles that, even after tilting the sample at different angles,
never presented coreshell contrast? which suggests us that
this could be eutectic alloyed bimetallic nanoparticles. The same
conclusion was obtained for the particles with homogeneous
contrast observed in the rest HAADF images of Figure 4.
Au and Pt have atomic numbers of 79 and 78, respectively.
RIA] Seeing the difference between Au and Pt in a HAADF images
. . o . would be very difficult, because one of the most important
Figure 12. Comparison of the radial distribution functions of the Pt

foil (solid line) and the bimetallic system synthesized at 1@qdashed ~ [@ctors determining the intensity observed by this technique is
line), in the Pt l; edge. The bimetallic system was measure at 20 K. the atomic number, even though we should be able to observe

The Pt foil Fourier amplitude was divided by 5 for scaling purposes. the interface between the Au and the Pt in the eutectic alloyed
nanoparticles, just like in the corehell structure. But so far
we cannot rule out that there could be a small fraction of we have not observed a good example of these particles where
particles where the elements do form an alloy or Pt interacts we can see the interface between Au and Pt in a different way
with PVP, because we must have in mind that EXAFS and from the core-shell. We think the fact that these interfaces are
XANES gives us average information of the analyzed sample. a not 3-dimensional structure, like the cewhell case, makes
The analysis and interpretation of the rest of the data obtainedthem more difficult to observed by this technique, specially since
from the XANES and EXAFS studies are still under progress the contrast produced by this interfaces depends on the
and is intended for another work. orientation of the nanoparticle with respect of the electron beam.
From the arguments just presented, we believe that in the Another reason is that these interfaces would be more like line
temperatures of the second regime (3300 °C), due to the  defects smaller than the electron probe size, which is responsible
difference between the Pt precursor reduction potential and thefor the HAADF technique resolution.
ethylene glycol oxidation potential, the Pt reduction and  For our results at 120C, a more detailed analysis is
nucleation take place in the minute before the Au is added to necessary, since at this temperature the nanoparticles presented
the reaction. When Au is added, it starts to reduce and to depositvery different characteristics compared to the ones obtained at
onto the already formed Pt cores and subsequently forms theother temperatures. EXAFS and XANES studies are intended
Au shells. We believe this is the mechanism of formation of to help in the elucidation of the structures and elemental
the observed bimetallic coreshell nanoparticles. distribution of the nanoparticles observed at this temperature.
Finally, in the third regime (180 and 19T) we observe With respect to the monometallic cases, Pt did not show
again a bimodal distribution, where the smaller average size important variations as the temperature was increased, neither
corresponds to Pt monometallic nanoparticles and the biggerin size nor in structure. This fact has been already reported by
average size corresponds to bimetallic nanoparticles, as deterBonet et als We can observe how the core sizes and shapes
mined from EDS analysis. At these temperatures we can observefor the bimetallic core-shell nanoparticles are pretty similar to
some particles with the coreshell structure. The UVvis the sizes and shapes observed in the Pt monometallic nanopar-
spectra for these temperatures show a low intensity broadticles. For the case of Au, coordination with PVP plays an
shoulder centered at approximately 510 nm, as observed inimportant role in the nucleation and growth of Au nanostruc-
Figure 6¢. We believe that the rate of reduction and nucleation tures. Figure 2 shows different types of particles obtained at
of the Pt is even higher than in the last temperature regime, 100, 140, and 196C. And from these images we can conclude
which again will allow the formation of the Pt cores where that at lower temperatures we have larger particles. One possible
subsequently the Au atoms are going to deposit and form the explanation for this phenomenon is that at lower temperatures,
shell. The reason we are able to see a feature related to the Athucleation and growth take place at the same time, leading to
surface plasmon peak at these higher temperatures is related tehe formation of both large particles and new nuclei, as stated
the thicker shells observed in the HAADF images for these by Silvert and Tekaia-ElhsisséhHowever, as the temperature
samples. This appearance of a low intensity feature centered aincreases the particle size decreases, it is well-known that at
approximately 510 nm on the UWis spectrum is also  higher temperatures the formation of metallic nuclei is more
consistent with the calculated spectra for thgPtAusheicase,  favorable, having more seeds to create nucleation sites, resulting

as the Au shell increases its thickness. in the decreasing particle size and in an increment in the number
At the same time the coreshell structures are produced, of particles?®

eutectic alloyed nanoparticles, not ceshell structures, are .

formed by the coalitions among atoms for all the temperatures €onclusions

where bimetallic nanoparticles were detected, since this kind From this study it was found that the temperature plays a

of nanoparticles was observed in all the temperatures studied.decisive role in the synthesis of bimetallic A&t nanoparticles
The optimum temperature to prepare well-dispersed nano- protected with PVP by the polyol method. It does not only affect

particles, with a narrow size distribution, the smallest average the rates of reduction and nucleation of the metals, but it also

particle size, and the most cershell structures, was 14C. affects the coordination between the metals and the polymeric

HAADF image on Figure 4b shows some structures with two protective agent, the distribution of elements in the nanoparticles,

well-defined intensities and some of them with no apparent and the final particle size.

Fourier Amp. [A. U]
- (o]

N
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The analysis of the bimetallic synthesis suggests that at lower
s VCH Publishers: Weinheim, Germany, 1994.

temperatures (100C and 110°C) the Au reduces and nucleate
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much faster than the Pt and that an interaction between Pt anda,p; “phys 2003 36, 1609.

PVP is strong enough to prevent the two elements from forming

bimetallic structures, as explained earlier. However, at 120

there seems to be a balance between the reduction and nucleatio
rates of Pt and Au, considering Pt was given one more minute j
in the reaction. This is why we observe an interaction between

the elements and the formation of bimetallic structures. How-
ever, at this temperature there is a combination of a few
Aucore—Plsner Nanoparticles (particles 10 nm) with a combina-
tion of Ptore—Aushen Nanoparticles (particless 10 nm) and
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eutectic alloyed nanoparticles. In the temperature range between (19) Garcia-Gutierrez, D.; Gutierrez-Wing, C.; Miki-Yoshida, M.; Jose-

130 and 170C, Ptoe—Aushen particles were obtained. And in
the last two temperatures (180 and 190), Ptore—AUshell

nanoparticles with thicker Au shells were synthesized, as
observed in the HAADF images. In all the temperatures above
110 °C, the presence of eutectic alloyed nanoparticles was

detected by the tilting experiment mentioned above.
We have presented here a detailed analysis by-uy

spectroscopy, electron microscopy, and X-ray absorption tech-
niques of the types of metallic nanoparticles obtained by the g

polyol method showing the importance of the temperature
control in the synthesis in order to accomplish monometallic
and bimetallic nanoparticles with the desired optical, dimen-

sional and structural characteristics. We have also demonstrate

Yacaman, MAppl. Phys. A2004 79, p 481.
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that the combination of these three techniques makes a noveMechanisms of GrowttSurfactant Series Vol. 92; Marcel Dekker: Basel,

tool for the full understanding of coreshell structures in
combination with calculated U¥vis absorption spectra; and
how the use of only one technique to study cesgell
nanoparticles is not sufficient to obtain a full understanding of
the system.
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