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Nanometric metallic particles of Pt, Au and Au/Pt of different nominal compositions were synthesized using a chemical reduction method
with a polymer (PVP) as the protecting agent. The effects of the gold ion concentrations and also of the concentration of the reducing agent
compound, on the morphology and structural characteristics of the obtained gold nanoparticles have been explored. Particles with different
pH reaction mixtures have been synthesized. High resolution transmission electron microscopy (HRTEM) observations have been used ir
the nanoparticles characterization. Depending of the pH reaction mixtures, different nanometric sizes and consequently different atomic
structural configurations of the particles are obtained. Theoretical simulations based on molecular dynamics have been used to interpre
some of the experimental results and also to get an insight on macroscopic properties such as: stability and catalytic activity.

Keywords: Platinum; gold; nanostructures; metallic particles; bimetallic particles; chemical synthesis; characterization; electron microscopy;
electronic structure.

Pariculas meilicas nanorétricas de Pt, Au y Au/Pt de diferente composithominal fueron sintetizadas usando @tatlo de reducoin
guimica utilizando un pdimero (PVP) como agente protector. Los efectos de la concemirdei los iones de oro y del agente reductor
han sido explorados en la morfolagy en las caracteticas estructurales de las nanofatas de oro. Se han sintetizado nandpatas

con diferentes pH finales de reamai Microscofia electbnica de alta resolugn ha sido usada en la caracterizacde las nanopddulas.
Dependiendo del pH final de reacni diferentes tanfs nanoratricos y consecuentemente diferentes configuraciones estructurales de las
pariculas son obtenidas. Simulacioneérieas basadas en dimica molecular han sido usadas para interpretar algunos de los resultados
experimentales y para tener una perspectiva de las propiedades ropmastales como: estabilidad y actividad déitzd.

Descriptores: Platino; oro; nanoestructuras; gartlas metlicas; paficulas bimedlicas; $ntesis qimica; caracterizabn; microsco
electonica; estructura eledénica.

PACS: 61.46.Df; 81.07.Bc; 81.16.Be; 68.37.0g

1. Introduction compound and also the variations of the reduction agent are
explored in relation with the morphological and structural

Nanoparticles are defined as atomic arrangements with nangharacteristics of the synthesized nanoparticles. On the other
metric dimensions and usually with a small number of con-hand, Pt nanoparticles are one of the best catalysts for fuel
stituent atoms. The control of the size and the dispersiogells. Although impressive progress has been made on the
of nanometric metal particles have an important effect onsynthesis of platinum nanoparticles, the majority of the work
their physical properties [1,2]. The dispersion of small metalwas focused on the investigation of Pt clusters with a diam-
lic particles in polymeric membranes has been widely usegter less than 20 nm [10]. However, gold nanoparticles have
in new technological applications [3,4]. Nanoparticles andreceived great interests due to their attractive electronic, op-
other nanostructures have been obtained recently using difical, and thermal properties as well as catalytic properties
ferent synthesis methods [5-7]. In this investigation we re-and potential applications in the fields of physics, chemistry,
port the experimental results on the synthesis of nanopartbiology, medicine, and materials science and their different
cles using a chemical reducing method [3]. The selection ofnterdisciplinary fields [11], and therefore, the synthesis and
the chemical procedures of this reduction method can giveharacterization of gold nanoparticles have attracted consid-
rise to particular structural configurations of particles [8,9].erable attention from a fundamental and practical point of
Therefore, the variations of concentration of the main reagent
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view [12]. Bimetallic gold and platinum nanoparticles have  The structural and morphological characteristics of the
been described at various occasions; they are of interest bdispersed nanoparticles have been studied using a Philips
cause of their special catalytic properties [13]. The structuralecnai F20 transmission electron microscope with acceler-
determination of the nanoparticles becomes an important taskting voltage of 200 kV with a point resolution &f2.1 A.

to understand some of their properties [14,4]. The use of th# EM specimens were prepared by dispersing and subsequent
TEM and associated methods has been established as onedofing a drop of colloidal solutions on a copper grid (3 mm in
the main tools in the study of nanomaterials [15,16]. Also,diameter) covered with an amorphous carbon film. Theoret-
a complete understanding of the atomic distribution and thécal simulations based on classical molecular dynamics were
corresponding effects on the electronic, chemical and opticalso performed. We used quantum mechanics calculations
properties also requires theoretical methods based on molebased in the density functional theory (DFT). These calcu-
ular dynamic theories [16,17]. Some of the structural charachations were performed using the DMol3 software of Accel-
terizations of the nanometric metallic particles have been obrys [20] considering a Perdew-Wang functional (PW91) [21].
tained through comparisons between experimental and th%; . .

oretical HRTEM images [18,19]. In this study, the mor- *- Results and discussion

phology and structural characteristics of nanoparticles of Ptg_ 1
Au and Pt/Au in the range of 1-10 nm are obtained. These
nanoparticles were synthesized through a chemical reductiophe synthesis of the nanoparticles induces a surface energy
method with manipulation of synthesis conditions in order toreduction that generates the boundaries and the minimal en-
recognize the optimal parameters to control size and StrU(‘ergy structures. However, when they are immersed in a p0|y-

Pt, Au and Au/Pt nanoparticles

ture. meric matrix, the size and the surface effects in the cluster
shape become more important. Although, normally the pre-
2. Experimental procedure synthesized nanoparticles are being incorporated in the poly-

meric matrix for their modification, the analysis of the parti-
The synthesis of nanostructured materials is one of the maidles encapsulated in polymer matrix may present a better way
research topics in the nanoscience scientific and technologie understand the size distribution and the structural effects
cal community. Thus, for example, chemical methods haven the dispersion and properties changes of the membrane.
been commonly used for the synthesis of nanoparticles, naff-he use of variations on concentration of metal ions besides
otubes and nanorods. The experimental results presentedtime pH effects is evaluated here and firstly we show the basis
this communication have been obtained using the chemicdbr the analysis. In order to determine the effect of particular
reduction method. In the chemical reduction approach, soeoncentration (0.033 mmol) and pH (pH=7) condition on the
lutions of methanol of Au or Pt ions were prepared by dis-capability of producing small nanoparticles even for differ-
solving the corresponding crystallites in methanol, crystallineent elements and bimetallic arrays is shown here and studied
hydrogen tetrachloroaurate (HAuCtH,O) or hydrate hy- deeply in a previous work [22,23].
drogen hexachloroplatinate §RAtCk.6H,0). Both solutions Figure 1a shows a low magnification transmission elec-
(HAuCl,.xH,O and HPtCl;.6H,O) were mixed in desired tron microscopy (TEM) image of Pt particles encapsulated by
volumetric ratios for the preparation of bimetallic ion mix- PVP; the size of these nanoparticles can be measured directly
tures. In all the samples, the total ion concentration in thérom the TEM image with help of selected area and contour
reacting solutions was kept fixed (0.066 mmol in 100 ml). Indetermination as it is shown from Fig. 1a (regidri22,24].
the gold case, different concentrations of the reagent comFhis technique was using to measure the particle size in all
pounds (HAuUCJ.xH-O) have been used. The concentra-the synthesized nanoparticles. The particle size distributions
tions include: 0.033, 0.044, 0.099 and finally 0.12 mmol infor PVP capped nanoparticles of Pt, Au, Au/Pt (1:1), and
25 ml of methanol. A methanol solution of PVP [poly (N- Au/Pt (3:1) are illustrated in Fig. 1b. The sample popula-
vinil-2-pyrrolidone)], based on 150 mg of PVP with molec- tion was 500 patrticles. It can be seen that while for pure Pt,
ular weight of 40,000 in 50 ml of methanol, was added tothe average particle size is 2.11 nm with small dispersion in
the metal ions. An aqueous solution of NaBi.066 M)  size, for pure Au, the average particle size is 1.78 nm, and
was added to the mixture solution at room temperature tohe size dispersion is even less. The size distributions for the
reduce the metal ions. A homogeneous colloidal dispersioAu/Pt (1:1) and Au/Pt (3:1) colloidal particles reveal average
was formed after the addition of NaBHieductor in the so- particle sizes of 2.06 nm and 1.82 nm, respectively. Itis inter-
lution containing metal ions. Another aspect of interest inesting to note that even when the Au/Pt (1:1) sample reveals a
this reduction approach is the effect of the concentration ofarger average particle size, there are still about 15% smaller
the reducing agent on the size and morphology of the smajparticles &1 nm) in the sample. Both the bimetallic samples
metallic particles. Therefore, in the gold case, two fixed conshow size dispersions higher than those of the pure elemen-
centration of the reagent compound (HAY@H-,O) 0f 0.014  tal cases. The size of the obtained nanoparticles denotes the
and 0.066 mmol in 25 ml of methanol was used with differ-range where quantum effects are present. However, at this
ent concentrations of the reducing agent (final pH values 4ize scale the shape and structure generate important changes
and 7). in the chemical potential and the reactivity [22,23].
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These images show that some of the nanometric Au particles
display the presence of twin boundaries which were not seen
in the Pt particles.

Twin boundaries are also observed for Au/Pt particles
containing different concentrations of Au as it can be ob-
served in their corresponding HRTEM images. By instance,
micrographs of Fig. 2c, from samples of Au/Pt (1:1), show
multiple twinned structures. Besides nanometric particles
with composition Au/Pt (3:1) show different types of struc-
tures as it is illustrated in Fig. 2d, determining them as a
single twinned particle and a deformed metallic particle re-
Au spectively for the selected images.

The structural morphology of the nanometric metallic
particles is strongly dependent on the stiochiometry as it
is illustrated in Fig. 3, where the frequency of the struc-

Frequency (%) E

— 7 1 z . tural shapes as a function of nominal composition is dis-
Particle size (nm) I Perticle size (nm) played. In the figure, cubic (fcc-like), cubic with defor-
Au/Pt ] 3AUPL mation (fccd), decahedral (deca), other multiple twin parti-

cles (mtp), single twin particles (stp), and highly deformed
particles (hdp) are the main structural configurations of the
clusters. The Pt particles show fcc-like structural morpholo-
A . NI T T ) gies only. However, the Au particles have fcc like and

decahedron-like shapes. The Au/Pt (1:1) sample shows fcc
FIGURE 1. Low magnification transmission electron microscopy |ike and multiple twinned particles and finally the Au/Pt (3:1)
analysis of samples with different compositions (Pt, Au and Au/Pt). composition shows decahedron-like and also twinned parti-
a) Common image and b) size distribution plot. cles. Such structural evolutions involve multiple factors and
the most important is related to the surface energy minimiza-
tion, which is clearly higher for the pure Pt. In fact the exis-
tence of twin clusters for the nanoparticles implies an internal
strain, which is released by means of the defects [15].

In order to understand the effects of the energy in the for-
mation of a specific configuration, we performed the geome-
try optimization of the clusters. In Table I, the binding ener-
gies for the different calculated models are shown, basically
with examples of decahedral and cubooctahedral structures
for pure metal clusters, Pt shell over an Au core (Pt/Au). A
configuration of parallel twined structure, where the elements

Frequency (%)

FIGURE 2. HRTEM images of samples with different composi- 70
tions. a) Pt, b) Au, c) Au/Pt 1:1 and d) Au/Pt 3:1 proportions. W

In order to determine the structures of the nanoparticles,
HRTEM images from the particles of different sizes have & 0
been studied. Figure 2 shows the HRTEM images obtained: 40
from the different samples. So then, first image of Pt clusters 2
(Fig. 2a) match to a cubic (fcc-like) particle in the [123] ori- 3 307
entation, where linear fringes are well-identified; while the 201
second image can be associated to a similar particle struc:
ture, but in this case the lattice fringes are slightly deformed 10
and it corresponds to a rotation of the electron beam near ta 0
the [011] orientation [25,16]. The HRTEM images obtained fee  focq
from the nanometric particles of gold (Fig. 2b) show an fcc- deca
like cluster slightly rotated from the [011] direction; and a Structures
multiple twin particle, which can be associated to the trun-Ficure 3. Structure distribution plot for the different composition
cated decahedron in an orientation near to five fold [26,27]samples.

Freque

Pt
Au
AuPt (1:1)
AuPt (3:1)

mtp stp hdp
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TABLE |. Energy analysis for the different structural and compositional configurations.

Structure Configuration Pt Au Binding Coherence Gap.
atoms atoms Energy (eV) Energy (eV) (eV)
Cubo- Pt 55 0 -269.721 0.000 0.050
Octahedral Au 0 55 -139.965 0.000 0.354
PtAuAlloy 31 24 -215.023 -1.923 0.099
PtAuAlloy 24 31 -201.416 -4.831 0.151
Pt shell /Au core 42 13 -251.551 -12.499 0.168
Pt core/ Au shell 13 42 -177.381 -6.745 0.155
Decahedral PtAuAlloy 35 20 -236.156 -2.895 0.231
PtAuAlloy 20 35 -177.554 -6.919 0.219
Pt shell/Au core 42 13 -223.203 -0.666 0.091
Pt core/Au shell 13 42 -193.713 -6.564 0.123
Parallel Au/Pt/Au 27 28 -207.491 -3.828 0.008
E : : uan A — number of Pt atoms; whereas, the Pt shell around Au core
' v re ol 0033 with the cubooctahedral shape is the most stable structure,
e i m;m” where the 42 Pt atoms are covering the 13 atoms of the Au
. i core. Also in table we can find the energy gap between the
¢ Lt e highest occupied molecular orbital (HOMO) and the lowest
St mf AL0.044 4 unoccupied molecular orbital (LUMO) for each of the mod-
" 7 m;ﬂm 1 eled structures.
ti : g o T T We can observe that when the number of Pt atoms in-
; g I AU0099 ] creases, the corresponding conductivity increases too, and it
. - . ) ) i
. . » o is clear that the density of electrons on the particle surface
59w 7gaem poiem B | mﬂfﬂjhrm 1 increases similarly. It is interesting to note that for the par-
. & AU'O%Q' : allel twined structure, the conductivity is increased signifi-
= ok, ST nf ' ; cantly, up to 6 times that of obtained for pure Pt. From the
. s ol calculated chemical potential values [28], we can identify the
. v [ . most stable structure as the Au-core/Pt shell; however, the
e U U S e s e energy difference between the structures is quite small for
0m T s Particle size{m) the pure Au and the bimetallic clusters. This characteristic is

FIGURE 4. Low magnification transmission electron microscopy the basis for the multlple conflgurgtlons obtained in th_e sam-
analysis of samples with different metal-ion concentrations. a)Ples- The corresponding electronic structure for the different
Common image and b) size distribution p|0t Conﬁgurations establishes the feaSIblllty Of haVing enough
electrophilic and nucleophilic sites in the polymer membrane
are arranged (Au/Pt/Au), is also included in order to underwhen the clusters are incorporated [29,30].
stand the effect of this kind of defect and to compare its sta-
bility of a few observed clusters in the produced samples3 2. Au nanoparticles synthesized by different metal-ion
Beside the total binding energy, we considered the coherence  concentration
energy that relates the contribution of each type of atom and
the corresponding energy of formation of the pure elemen©One of the main parameters to evaluate efficiency of the
tal clusters. From the binding energy values, it is clear thamethods is to increase the amount of material to produce
the lowest energy structure is the pure Pt cluster; howevenanoparticles; however, its use is critical in the selection of
considering the coherency component, the most stable coparameters, because the saturation of the solution can gen-
figuration is the Pt/Au cubooctahedron. From these values, irate bigger clusters up to bulk structures. In our case, we
is clear that the presence of higher proportion of Pt atoms imlecided to test different values of metal-ion concentrations
the bimetallic clusters favors fcc-like structures, and a highef0.033, 0.044, 0.099 and 0.12 mmol of HAYyGH-,O) to
concentration of Au atoms generates both fcc-like and deddentify the effects on the size and the structure of the pro-
ahedron structures. In fact, the different configurations areluced clusters. Small Au nanoparticles have been obtained
nearly stable and they must coexist in the samples, with asing the chemical reduction method previously described
preference for fcc-like structures for the particles with higherfor all the considered concentrations, however significant dif-
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ferences are recognized. Figure 4 shows an analysis of tf®099 mmol induce mainly fcc-like clusters with well ordered
particles produced by different concentrations, including aarrays (Fig. 5c), similarly to the observed for 0.12 mmol,
low magnification electron microscope image of a samplewvhere the contrast is mainly of lines and locally periodic dots
produced with 0.099 mmol of Au (Fig. 4a), with its corre- (Fig. 5d).

sponding contour determination of a selected area (region A statistical summary of these atomic structural charac-
that illustrate the method to determine the size of the syntheeristics are illustrated in Fig. 6. At low concentrations of the
sized particles and the size distribution plot for all the samreagent compound (0.033), the more commonly found struc-
ples (Fig. 4b). The average size particle is displayed as @yres are decahedra and fcc-deformed, however, as soon as,
function of the reagent compound concentration. These authe concentration is increased (0.044, 0.099 and 0.12), the
erage sizes range from less than 2 nm for 0.033 mmol sanmost commonly found structures change to single twinned
ples to approximately 12 nm for the 0.12 mmol concentratiorparticles and fcc-like particles. It is also important to men-
sample. tion that the particle sizes for the low concentrations are also

The nature of the atomic structural configurations is alsghe smallest obtained with this synthesis reduction method,
strongly dependent on the reagent compound concentratioBnly a few nanometers in size and in average less than
Thus, for example, for the different concentrations, Fig. 52 nanometers. Therefore, depending on the concentration of
shows the most commonly found configurations. For 0.033he reagent compound, two main regions of different atomic
mmol it is shown a fcc-like particles besides a truncatedstructural particle characteristics can be found. Low con-
decahedron structure (Fig. 5a), while for a concentratiorzentrations (0.033) induced the formation of decahedra and
of 0.044 it can be determined the presence of single twinegcc-deformed gold particles. However, higher concentrations
particles and fcc-like ones (Fig. 5b). Samples produced §{0.044, 0.099 and 0.11 mmol) induced the formation of single
twinned particles and fcc-like particles. A qualitative insight
of the atomic structural characteristics of the gold nanomet-
ric particles can be obtained using the consideration about
the effect of the surface energy in the production of the clus-
ters atomistic structure, which determines that the lowest en-
ergy configurations tend to generate multiple twinned parti-
cles, and when the particles increase their size and energy
they tend to form crystal bulk type of structure [31,32].

3.3. Structural and morphological characteristics of
gold nanopatrticles as a function of the pH (Concen-
tration of reducing agent “NaBH ,").

FIGURE 5. HRTEM images of samples with different metal-ion  Based on the previous mentioned results, and looking to iden-
concentrations; nanoparticles produced with a) 0.033, b) 0.044, C)cify the extreme parameters that induce a controlled size on
0.099 and d) 0.12 mmol (of HACls..H-0). the particles following the reported method, we determine
to reduce the concentration of metal ions in the synthesis.
The observed evidences of this reduction of ion concentra-
80 tion were evaluated at two different pH conditions in order
80 to determine the possibility to recognize the effect of the re-
duction agent, besides the consequently proton saturation of
the solution. So, with the purpose of controlling the parti-
cle sizes and the particles structure, HAu&H, O with dif-
ferent concentrations of the reducing agent NaB&t been
studied, which chemically determines the pH conditions and
consequently the amount of protons in the solution during the
synthesis. We considered two different metal-ion concentra-
tions for the synthesis of the nanoparticles in order to eval-

Frequency (%)

Au0.033 X
A 0.044 uate the extremes that our previous results denoted. In both
AU 0.099 cases, pH values were controlled to be 4 and 7, generating a
- o comparative analysis.

deca - From Fig. 7, an example of the evaluated micrographs
Structures is shown; in this case, the image corresponds to a sample

FIGURE 6. Structure distribution plot for the different metal-ion Obtained with a concentration of 0.014 mmol and a pH=4,

concentration samples. which shows patrticles from 4.5 up to 10.3 nm approximately
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nigue of HRTEM has been used to take images with maxi-
mum resolution [33].

In Fig. 8 we show representative examples of the nanopar-
ticles found for the different sample preparation conditions, a
couple of particles for each synthesis characteristics. While
for a concentration of 0.014 mmol and pH=4 the main struc-
tures can be associated to fcc-like clusters, as the first ones
shown in Fig. 8a with lattice parameters that match with the
bulk symmetry of a particle of 6.2 nm diameter, and it is also
shown a multiple twin particle, where at least two different
disclinations can be identified, this can be associate to the
strain fields acting during the pasivation into a single twin
cluster [34,35]. For samples obtained with similar concen-
tration but at pH=7, the behavior is different because most of
the particles are multiple twinned, with a few fcc-like as in
Fig. 8b, where a cubic particle of 3.8 nm diameter is shown
besides a 4.8 nm diameter truncated decahedron near to the
five-fold orientation.

When the concentration is increased to 0.066 mmol, par-
FIGURE 8. HRTEM images of nanoparticles obtained under dif- t_icles obtained at pH_:4 show.a preferential formation of fccr
ferent synthesis conditions. Concentration of 0.014 mmol with pH like structures and single twin clusters as it can be seen in
a) 4 and b) 7; besides concentration of 0.066 mmol with pH c) 4 Fig. 8c, where a cubic array is associated to the particle with
andd) 7. 8 nm diameter; while the second cluster of 7.2 nm diame-

ter, shows a multiple twin structure that can be associated
(see regioni). The size distribution plot of Fig. 7b de- to the decahedral geometry. Besides for the pH=7, particles
notes significant differences when the samples are obtaineate mainly decahedrons and small fcc-like as the shown in
at pH=4 and pH=7. While samples generated at pH=7 followFig. 8d, where a decahedron of 4 nm and a cubic cluster of
a similar tendency than that reported in the previous sectior.8 nm are shown.
particles produced at pH=4 use to be bigger and the disper- The morphologies of the particles obtained with differ-
sion is higher. This must be considered as a detriment of thent pH conditions have been vastly discussed and it has been
size control, and consequently pH=7 must be fixed in ordeassociated to the competence of active sites during the satu-
to obtain the smallest clusters. However, when the concemration of the organic reducer and passivation processes [36].
tration is constant, this parameter can be used to vary the sizdowever in our case we also can determine the influence
of the particles, and then it is important to identify possibleof the amount of metallic salt added and on the reducing
effects on the structure of the particles. agent concentration. For this case, when 0.014 mmol of

FIGURE 7. Low magnification transmission electron microscopy
analysis of samples with different variation of metal ion concentra-
tion and pH. a) Standard TEM image and b) size distribution plot.
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HAuCI,.xH2O was added with two different amounts of the of the clusters is significantly affected by the morphologi-
reducing agent (final pH value of 4 and 7), the morpholo-cal configurations and the elemental distributions, inducing
gies of the particles are totally different. This is illustrated in higher catalytic activity for the systems where the Pt atoms
the Fig. 9. The main structures were: fcc-like type (64%), aare exposed. The size of Au nanopatrticles increases as the
smaller quantity of the simple twin particle type (24%) and, Au ions in the reaction mixture increases. At low concen-
finally, the decahedral structures (12%). On the other handrations, decahedra and fcc-deformed structures are the most
the Au sample with final pH value of 7, contrary to the previ- commonly obtained structures. Higher concentrations induce
ous sample, the main structures were of the decahedral typghe formation of single twinned and fcc-like particles. Fur-
(60%) and a smaller percentage of the fcc-like type structhermore, small amounts of the reducing agent induce the
tures (40%). formation of fcc-like particles and large amounts of this agent
The influence of concentration and pH is clearly deter-induce the formation of decahedral type of particles.

mined in the previous analysis, and the physicochemical pro- The synthesis conditions are critical in the size control
cesses that induce these tendencies involve the energy redust-the particles, and the use of several combinations of these
tion of the cluster surface; particularly for a plenty saturationconditions derivate into the possibility to have nanoparticles
of active sites during the synthesis. In our case we can detearound 2 nm, and bigger than that. In our studies we can iden-
mine that both parameters involve influence into the generaify the energetic effect of the concentration and the pH con-
tion of the lowest energy configurations, and also in the sizeiitions for the reduction of metal ions to form small clusters.

control of them. And the main structures produced in all the case are fcc-like
and decahedrons, which have been recognized by multiple
4. Conclusions authors as the most stable ones.

The chemical reduction method allows us to synthesize metal

particles with nanometric size distributions. The structuralAcknowledgement

characterizations by HRTEM and the theoretical analysis of

stability suggest the tendency to produce multiple twinnedrhe authors would like to acknowledge the Transmission
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core-shell system is the more stable. The theoretical analysgal support. Also, the authors thank to A. Medina and A.
by quantum mechanics reveals that the electronic structurdguilar for the technical assistance during this work.
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