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Au-Pt nanostructures on highly oriented pyrolytic graphite (HOPG) were prepared by irradi-
ating bimetallic target under ultrahigh vacuum with pulsed radiation of Nd:YAG laser. The
deposited nanostructures were characterized by X-ray photoelectron spectroscopy (XPS) and
atomic force microscopy (AFM). The measured spectra of Au (4f) and Pt (4f) photoelectrons
of laser deposits were composed of two overlapping doublets. Analysis of images obtained
from AFM revealed bimodal particle size distribution and presence of few large particles. In
agreement with AFM images of the deposit we attributed a two doublet structure of Au (4f)
and Pt (4f) spectra to bimodal nanoparticle size distribution. Carbon KLL Auger electron
spectra revealed formation of defects in the superficial layers of HOPG by impinging metal
ions accompanied by appearance of sp3 hybridized carbon atoms. The dependence of Au (4f)
and Pt (4f) core level binding energies on the amount of metals deposited and formation of
bimetallic nanoparticles are discussed.

Keywords: Au-Pt; Bimetallic nanostructures; Graphite; Pulsed laser deposition; X-ray photo-
electron spectroscopy; AFM.

Supported metallic and bimetallic nanoparticles have attracted considerable
fundamental and practical interests in heterogeneous and fuel cell catalysis
because of their unique catalytic properties’2. Recently, increasing number
of extensive studies have been reported on application of gold based nano-
particles®#. Oxide-supported gold nanoparticles were found to be one of
the best catalysts for low temperature CO oxidation3%. Modern catalysts are
often bimetallic. They frequently contain an active metal combined with
a less active metal. The role of the second metal is to enhance catalyst per-
formance by electronic or ligand effect or by preventing undesired reac-
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tions. It is well known that activity and selectivity of supported bimetallic
catalysts is influenced by structure and composition of their surface, size of
the nanoparticles, their electronic structure and interaction with support-
ing material.

Supported bimetallic Au-Pt nanoparticles are of great interest as dehydro-
genation catalysts and electrocatalysts in oxidation of various alcohols un-
der mild conditions”1° and reduction of oxygen'!. The origin of catalytic
properties of this catalyst is not yet fully understood. It has been recently
suggested that Au-Pt nanoparticles provide synergistic catalytic effects con-
sisting in the suppression of adsorption of poisonous species (e.g. carbon
monoxide) and the change in electronic structure modifying the strength
of adsorption®, The desorption temperature of CO on Pt-Au alloy surface
was found to depend linearly on the concentration of surface Au atoms?!?,
Recent density functional theory (DFT) calculations have indicated that the
change in the bonding energy of CO molecule to alloy surface is propor-
tional to the shift of the d-band centre of gravity'3. The catalytic properties
of supported Au-Pt catalyst prepared by impregnation were observed to be
similar to that of monometallic Pt catalyst!4. This finding was explained by
phase separation of the two metals due to miscibility gap in a wide compo-
sition range?. On the other hand, recent X-ray diffraction studies of the
Au-Pt particles prepared by molecular capping based colloidal synthesis and
subsequently deposited on carbon support have shown that after thermal
treatment'® alloy phase is present in contrast to miscibility gap. It has also
been demonstrated that heat of formation of alloy particles exhibits size de-
pendence and the metals immiscible in bulk can form alloy nanoparticles?®.

Wet impregnation methods usually used for preparation of laboratory
and industrial supported bimetallic catalysts result in ill-defined and con-
taminated particles which are not suitable for study by modern surface se-
lective experimental methods. Beside it, the size and composition of
individual metallic particles in catalysts prepared by wet methods widely
vary within a given sample. This inhomogeneity complicates significantly
understanding of their catalytic properties. Various methods were suggested
to fabricate well-defined model catalysts. Bimetallic cluster compounds
were used as catalyst precursors'”18 but the metals and metal ratios can not
be simply varied in this method. Thermal decomposition of dendrimer en-
capsulated metals can also be used for preparation of bimetallic catalysts!®.
Using the dendrimer method homogeneous and monodispersed nano-
particles with well defined and reproducible composition can be prepared.
Bimetallic nanoparticles consisting of Au-Pt, Au-Pd and Au-Ag were synthe-
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sized by a sol-gel process?. Au-Pt colloidal particles were also prepared by
a rapid butyllithium reduction of Au®* and Pt** precursors?’.

Evaporation of a metal in ultrahigh vacuum on well defined substrate is
often used as relatively simple method for preparation of supported metal
particles. Unfortunately, the resulting particles are usually not uniform in
size. Consecutive vacuum deposition of Pd and Au metals on oxide layer
grown on NizAl(111) surface was reported as a method for bimetallic model
catalyst preparation?2. In this method Pd atoms first nucleate on point de-
fects of the oxide film and form there clusters which in the next step act as
nucleation centres for Au atoms. Using similar approach the authors?3 pre-
pared Co-Pd nanoparticles on alumina film grown on NiAl(110) substrate.

The pulsed laser deposition (PLD) is a new technique in the field of prep-
aration of mono- and multimetallic supported nanoparticles for catalytic
applications?*-2°. In this technique the laser pulses are focused on the solid
target and evaporate material from its surface. The ejected particles con-
dense on the support surface. The target composition can be varied to
achieve the required composition of the deposit. The sizes of nanoparticles
can be adjusted and supported nanoparticles with narrow size distribution
can be prepared. Stoichiometry of the target can be reproduced in the de-
posited material provided the laser fluence is higher than a threshold value.
The fluence can be increased by increasing the pulse energy or by decreas-
ing the size of the laser spot on the target surface until the value required is
achieved. In spite of fact that PLD received extensive development and is
used for preparation of various kinds of nanomaterials the growth process
of nanostructures by PLD is rather complex and not fully understood.

The aim of this study is to prepare supported Au-Pt nanoparticles from
bulk bimetallic target by PLD. As a support we choose highly oriented
pyrolytic graphite (HOPG) because it allows visualization of morphology
of the deposited material by scanning probe microscopy. Furthermore,
graphite is electrochemically inactive material so any electrochemical activ-
ity of the sample would be solely due to the presence of deposited metal.
Our recent studies®® of electrochemical activity of Au and Pt nanoparticles
supported on HOPG surface and prepared by sublimation have demon-
strated their low stability resulting from weak metal-HOPG interaction. It
can be expected that nanoparticles prepared by PLD and originating from
high temperature plasma will be more strongly anchored to the graphite
surface and because PLD is the fast process the phase separation may not
occur. In this communication we describe the results of XPS studies of
Au-Pt nanostructures prepared by PLD. Selected samples were also studied
by atomic force microscopy (AFM) method.
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EXPERIMENTAL

Bimetallic material was deposited on highly oriented pyrolytic graphite (HOPG) provided by
SPI Supplies, USA. The size of samples was 10 x 10 x 2 mm and the distance from the target
approximately 40 mm. The clean surface of HOPG was obtained by peeling off few layers
with an adhesive tape. The HOPG substrates were kept at room temperature during deposi-
tion. Prior to deposition, the surface of the target was cleaned by scraping by tungsten brush
in preparation chamber of the spectrometer evacuated to a pressure better than 107° mbar.
Ablation was carried out using Q-switched Nd:YAG laser (A = 1064 nm, pulse width 6 ns,
energy 60 ml/pulse, repetition frequency 8 Hz) focused onto the target surface. The angle of
radiation incidence was 50° from the sample surface. These conditions should ensure
stoichiometric ablation and reasonable deposition times. The focused spot size determined
by measuring the dimensions of the ablated region on the target after ~1000 pulses was ap-
proximately 0.60 mm?. The attenuation of the laser beam intensity through Pyrex viewport
was about 8% and heat dissipation due to the absorbed radiation did not represent a prob-
lem. Target used for ablation and containing nominally 75 wt.% Au and 25 wt.% Pt
(Au,sPt,5) was purchased from Research Institute for Metals (Panenské Biezany). The deposi-
tion was carried out under ultrahigh vacuum in the preparation chamber of the electron
spectrometer. The used geometry is shown in Fig. 1. The sample was then transferred into
the analyzer chamber of the spectrometer without contact with ambient atmosphere.

The XPS measurements were carried out using a VG ESCA3 MKkIl (VG Scientific, U.K.)
electron spectrometer with a base pressure better than 1071° mbar. AlKa radiation was used
for excitation of electrons. Electrons were energy analyzed using a hemispherical analyzer
operated at constant pass energy of 20 eV and giving an energy resolution, expressed by
the FWHM of Au (4f,,,) line, of 1.2 eV. The spectra of Pt (4f), Au (4f), C (1s) photoelectrons
and C KLL X-ray excited Auger electrons were acquired. The spectra were recorded at room
temperature. The overlapping spectral lines were resolved into individual components using
the damped non-linear least squares method3!. The estimated error in binding energy deter-
mination was 0.1 eV.

Viewport

Laser beam Target
Plasma
Sample\ Plume

Nd:YAG laser Vacuum Chamber

l Vacuum

pumps

Fic. 1
Schematics of PLD experiment
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The amounts of deposited metals are given in monolayer equivalents (MLE) as calculated
from integrated intensities of Au (4f), Pt (4f) and C (1s) photoemission lines assuming
Frank-van der Merwe (layer-by-layer) mode of growth (1 MLE (Au) = 1.52 x 10%® atoms cm™,
1 MLE (Pt) = 1.64 x 10'® atoms cm™). In these calculations theoretical values®? of photo-
ionization cross-sections and electron inelastic mean free paths values calculated from the
TPP-2M equation®® were used. In this way, the calculated number of metal monolayers, m,
ranged from approximately 0.005 to 1. However, it is well known and also shown in this
contribution that Au and Pt do not grow on HOPG in a layer-by-layer growth mode but due
to their weak interaction with the support cluster formation is preferred. Consequently, the
amounts of metals calculated from intensities of Au (4f), Pt (4f) and C (1s) core spectra are
expected to be lower than the actual ones for clusters with size exceeding inelastic mean
free path of electrons in Au or Pt (~1.65 nm). Comparison of the dependence of substrate
core level photoemission intensity on photoemission intensity of the core level of deposited
metal for different growth mechanisms is discussed in detail by Marcus®®. Let us also to
mention that the quartz crystal microbalance method often used for determination of
the amount of the metal deposited gives as a rule higher amounts than actually deposited
because of rather low (~0.1) sticking coefficient of metals on HOPG surface, particularly in
the initial stages of deposition®®.

Morphology of the deposits was investigated using atomic force microscopy (AFM,
Multimode Nanoscope llla, Veeco, U.S.A.) in the tapping mode. It should be noted that the
AFM images shown here were measured ex situ.

RESULTS AND DISCUSSION

Figure 2 shows the spectra of Pt (4f) and Au (4f) photoelectrons taken from
surface of the bimetallic target used for ablation. The ratio of atomic con-
centrations calculated from integrated intensities of the spectra was 6.0.

Au 4f

Intensity, a.u.

BE, eV

Fic. 2
Spectra of Pt (4f) and Au (4f) core electrons taken from Au,sPt,5; bimetallic target (BE is the
binding energy of electrons)
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This result points to considerable segregation of gold in the near surface
region which is likely due to its lower surface energy®6-3” compared to Pt.
The measured binding energy of Au (4f,,,) electrons coincided with value
for pure gold (84.0 eV ) while that obtained for Pt (4f,,) electrons (70.5 eV)
was shifted downward by 0.6 eV. This shift agrees with value reported in
literature®® for Pt diluted in Au.

Intensity, a.u.

BE, eV

Intensity, a.u.

65 70 75 80 85 90 95
BE, eV

Fic. 3
Fitted spectra of Pt (4f) and Au (4f) core electrons taken from the nanodeposit on HOPG pre-

pared from Au,sPt, target cleaned by Ar* ion sputtering. a 1: 10 laser pulses, m(Au) = 0.005,
m(Pt) = 0.01; 2: 30 pulses, m(Au) = 0.013, m(Pt) = 0.013; 3: 60 pulses, m(Au) = 0.032, m(Pt) =
0.017. b 1: 60 laser pulses, m(Au) = 0.032, m(Pt) = 0.017; 2: the same spectrum after heating
the sample up to 300 °C for 1 h

Collect. Czech. Chem. Commun. 2008, Vol. 73, No. 10, pp. 1299-1313



Preparation of Au-Pt Nanostructures 1305

In order to eliminate contamination of the deposited material the surface
of the used target should be cleaned prior to deposition. Using standard
procedure of Ar* ion sputtering resulted in target surface enrichment by Pt
due to higher sputter yield of Au®°. Consequently, if the target cleaned by
ion sputtering was used for PLD then the composition of the produced
nanodeposit as a function of laser fluence reflected concentration depth
profile of Au and Pt in the target surface (Fig. 3a). Annealing of the deposit
in vacuum resulted in decrease of both Au (4f) and Pt (4f) core level binding
energies due to metal aggregation (Fig. 3b). At the same time Au/Pt atomic
concentration ratio decreased from 1.82 to 1.27 due to mixing of metal
atoms in the nanodeposit. To avoid complications with ion sputtered target
we decided to clean the target in situ in the ultrahigh vacuum by mecha-
nical scrapping using the tungsten brush. In this way the surface layer en-
riched by Au was also removed. Furthermore, before collecting the ablated
material onto the HOPG substrate we applied 150 laser pulses to the target
surface to achieve the stationary surface composition of ablated area.

The amounts of the deposited Au and Pt determined from integrated
intensities of corresponding photoemission lines increased linearly with
number of applied laser pulses. Ratio of atomic concentrations Au/Pt in
the deposit was increasing with increasing laser fluence until the satura-

Intensity, a.u.

FiGc. 4
Fitted spectra of Pt (4f) and Au (4f) core electrons taken from nanodeposits on HOPG prepared
from Au,sPt,; target. 1: m(Au) = 0.088, m(Pt) = 0.031; 2: m(Au) = 0.186, m(Pt) = 0.055; 3:
m(Au) = 0.280, m(Pt) = 0.074; 4: m(Au) = 0.377, m(Pt) = 0.097; 5: m(Au) = 0.457, m(Pt) =
0.121. The spectra are normalized to the same height
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tion value 3.8 was achieved after approximately 200 laser pulses. The de-
posit was always enriched in Au. Annealing in vacuum or in 10~* mbar of
oxygen up to 500 °C resulted in increase of Au/Pt ratio due to surface seg-
regation of Au.

Two components can be distinguished in the Au (4f) and Pt (4f) photo-
electron spectra by curve fitting (Fig. 4). With increasing metal coverage
the binding energies of the both components shift to lower values mainly
because of increase of average size of nanoparticles. Binding energy of the
high energy component is shifted relative to the low energy one by ~1 eV
for Au (4f) and by ~1.5 eV for Pt (4f) spectrum. Intensity of the high energy
component relative to the low energy one decreases with increasing surface
coverage of HOPG by metals. We assign the lower binding energy compo-
nent to metal nanoparticles and the higher binding energy peak to small
clusters and/or metal atoms embedded in superficial layers of HOPG. The
spectra of (4f) electrons thus reflect the presence of bimodal particle size
distribution. Let us to mention that in this respect they are similar to the
spectra of pure Au deposited by thermal evaporation on HOPG surface
modified by argon ion sputtering?®. The authors explain this result by exis-
tence of two types of adsorption sites with different adsorption energies.

Examination of size distribution of nanoparticles carried out by AFM
(Fig. 5) revealed the presence of three maxima located at particles radii 75,
16 and 7 nm (Figs 5a, 5b), and with particle densities 2.4 x 107, 1.38 x 1010
and 1.45 x 1010 cm?, respectively. It should be noted that due to the particle-
tip convolution the size of nanoparticles is probably overestimated. The
largest particles are likely due to the expulsion of droplets from the laser
produced melt on the target surface and should exhibit bulk values of core
level binding energies. Because of their very low population in the deposit
they should not contribute significantly to the measured binding energies.
We can thus attribute the presence of two doublets in the spectra of Au (4f)
and Pt (4f) electrons to bimodal distribution of small nanoparticles (Fig. 5b).

It is now accepted that nucleation and growth of metallic particles on
graphite surfaces is mainly governed by density of surface defects at which
the nucleation takes place. There are three processes taking place on the
HOPG surface which are related to energy of the impinging particles. Atoms
which arrive with energy of a few eV can move on the surface until they are
captured by defect site where they grow forming 3D clusters. There are also
metal ions in a plasma plume with energies of the order of tens eV which
can produce defect sites on the HOPG surface, induce resputtering and
eventually may become implanted. Using the TRIM 4! Monte Carlo code we
estimated the implantation depth Au* and Pt* ions with energy of 50 eV in
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graphite as ~1 nm. Implanted ions thus remain within the depth measured
by XPS. Formation of defects by impinging metal ions in superficial layers
of HOPG should be accompanied by appearance of sp® hybridized carbon
atoms. To this end we have measured carbon KLL Auger electron spectra of
clean graphite surface and surface with 0.5 MLE of deposited metals. Ac-
cording to literature*2-*> one can estimate sp2/sp® hybridization ratio using
the energy separation between the most positive and the most negative
excursions on the Auger C KLL derivative spectra. A linear relationship be-
tween this separation and population of sp? hybridized carbon atoms was
proposed. In Fig. 6 the C KLL derivative spectra of clean HOPG surface and
surface covered by 0.5 MLE of Au-Pt are displayed. For HOPG we obtained
the separation 22.0 eV which is in good agreement with literature data*?-4°.

0.14 pm
-0.02 um

particle number

:-.Hﬂ. HH

50 75 100 1256 150
radius, nm

Q
=]
L

Particle number

. HHHH | Hﬂﬂﬂ

5 10 15 20
radius, nm

FiGc. 5
AFM images of 0.1 MLE of Au-Pt nanodeposit on HOPG and histograms of number of
nanoparticles versus their radius obtained from the analysis of AFM images
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For clean HOPG sample with 0.5 MLE of deposited metals we got separation
18.0 eV which corresponds to presence of about 30% of sp® carbon atoms.
PLD of metals results also in broadening of C (1s) photoemission line to-
wards lower binding energy (Fig. 7). This broadening is caused by appear-

Intensity, a.u.

) 1
300 280 260 240 220
KE, eV

Fic. 6
C KLL X-ray excited derivative Auger spectra of 1: clean HOPG surface, 2: the same surface af-

ter pulsed laser deposition of 0.5 MLE of Au-Pt (KE is the kinetic energy of Auger electrons)

Intensity, a.u.

L L
280 285 290
BE, eV

Fic. 7
Spectra of C (1s) electrons of 1: clean HOPG surface, 2: the same surface after pulsed laser de-

position of ~1 MLE of Au-Pt, 3: the difference spectrum obtained by subtracting 1 from 2
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ance of additional line induced by deposited metal and located at 283.8 eV.
The intensity of this line increases with increasing amount of the deposited
metal. We attribute it to the carbon atoms in contact with metal atoms.
The electrons of the latter atoms can participate in relaxation process dur-
ing photoemission of C (1s) core electrons and thus increase the relaxation
energy and thereby decrease the binding energy.

The Au (4f,,,) core level binding energy decreases with increasing metal
surface coverage of HOPG substrate; for coverage 1 x 102 MLE the mea-
sured shift of the low binding energy component amounts ~0.5 eV with re-
spect to bulk Au and is comparable to the shifts which we observed for pure
Au clusters prepared by PLD on HOPG (Fig. 8.). However, this shift is lower
than that we measured for Au deposited on amorphous carbon by conven-
tional thermal evaporation. This result is in accord with assumption40.46.47
that the surface defects act as nucleation centres for metal particles. On
amorphous carbon the density of defects is significantly higher than on the
basal plane of HOPG and consequently the higher density of smaller parti-
cles is present on amorphous graphite.

Shifts in the metal core-level binding energies to higher values with de-
creasing surface coverage by metal are characteristic of metals deposited on

84.6 T T T T 73.5 7 T T T

84.4 |-

>
a{ >
w [6)
m ui
m 4
84.0 |
83.8 |
1 1 1 1 710 1 1 1 1
0.0 0.5 1.0 15 0.0 0.2 0.4 0.6
m, MLE m, MLE
Fic. 8

Shift of the low binding energy component of Au (4f,,,) core level spectra, BE, as a function of
amount, m, of a: Au in 1: Au-Pt nanodeposit, 2: Au nanodeposit produced by PLD, 3: Au de-
posited on amorphous carbon by thermal evaporation (the spectra were fitted with one com-
ponent only in this case) and of b: Pt in 1: Au-Pt nanodeposit, 2: Pt deposited on amorphous
carbon surface by thermal vapour deposition
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carbon surfaces32:4046-53 The interpretation of these shifts is still controver-
sial issue, in particular the contribution of initial and final state effects to
the measured shifts. For understanding the dependence of core level bind-
ing energy on the particle size both, final and initial state effects should be
taken into account. We believe that the final state effects due to Coulombic
interaction of the outgoing photoelectron with positive hole remaining on
the cluster and due to decreased extra-atomic relaxation dominate the mea-
sured shifts in laser deposited nanoparticles in the region of m(Au) < 0.2 MLE.
When particle size increases the final state effects become less important
and initial state effects come into play. For m(Au) > 0.2 MLE we observed
that Au (4f) core levels of Au-Pt and Au deposited on HOPG are shifted with
respect to the bulk value toward lower binding energy by 0.1-0.2 eV. This
small negative shift cannot be explained by final state effects only. It is well
known®* that the Au (4f) electrons of Au surface atoms have binding energy
lower by 0.4 eV than those of the bulk atoms. In small particles the propor-
tion of surface atoms is higher than in the bulk counterpart and this could
result in measured negative shift of the Au(4f) core level. Let us to mention
that the negative shift of Au (4f) spectra was reported for Au-Pt bimetallic
surface®®,

Qualitatively similar behaviour was observed for low binding energy
component of Pt (4f,,,) core level spectra. The size of the shift measured for
low surface concentrations of Pt (~1 x 1072 MLE) is by 1 eV lower than that
obtained for Pt vapour deposited on basal plane of HOPG (Fig. 8b). It has
been found®® that vapour deposition of Pt on HOPG surface displaying few
defect sites results in formation of large dendritic structures. In PLD the de-
fects are produced by energetic ions and consequently formation of larger
number of smaller clusters with higher values of core level binding energies
for comparable amounts of deposited metal is expected. However, the mea-
sured values of Pt (4f,,,) core level binding energy (Fig. 8b) for our Au-Pt
nanodeposits are lower than those obtained for Pt deposited on pristine
HOPG. The most likely interaction which could be responsible for the ob-
served binding energy lowering is the interaction of Pt atoms with Au. It
does not necessarily imply statistical distribution of Au and Pt atoms
throughout the clusters. Formation of heteroaggregates or core-shell bime-
tallic structures in which Au and Pt are segregated is also possible. Further
experiments have to be performed to study in more detail metal nucleation
and growth in bimetallic deposits of immiscible metals prepared by PLD
method. It should be mentioned that neither AFM nor XPS can yield direct
information on chemical composition of individual particles and their sur-
faces. Electrochemical and adsorption experiments which can be helpful in
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this respect are part of our on-going work aimed at understanding of elec-
trochemical properties of bimetallic nanostructures prepared by PLD.

CONCLUSIONS

Supported Au-Pt nanostructures on HOPG surface have been prepared by
PLD of bimetallic target. The nanoparticles prepared in this way were stud-
ied by XPS and AFM methods. The results of the both experimental meth-
ods consistently indicate presence of bimodal particle size distribution in
the deposited nanostructures. The spectra of C KLL Auger electrons of
HOPG surface with deposited metals point to formation of defects with sp3
hybridized carbon atoms by impinging metal ions. The measured depend-
ence of the Au (4f) core level binding energy on amount of Au in nano-
deposit can be explained by combination of initial and final state effects in
photoemission. On the basis of comparison of the dependence of Pt (4f)
core level binding energy on amount of Pt present in the deposit with that
obtained for Pt vapour deposited on basal plane of HOPG the presence of
bimetallic nanostructures in the deposits prepared by PLD is suggested.
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Grant Agency of the Academy of Sciences of the Czech Republic (Grant No. 1ET400400413). The
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