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Bimetallic nanoparticles are of special interest for their potential applications for fuel cells, mainly 
for portable power applications. Among the bimetallic systems, Pt-Pd bimetallic nanoparticles have 
received great interest as they can be widely used as effective catalysts for various electrochemical 
reactions. In this work, Pt-Pd alloy bimetallic nanoparticles were synthesized through a chemical 
reduction method. The nanoparticles were characterized using aberration-corrected scanning/transmission 
electron microscopy (STEM). Also, parallel beam X-Ray diffraction analysis was carried out to evaluate 
the crystallographic structure. High-angle annular dark field (HAADF)-STEM images of the Pt-Pd 
bimetallic nanoparticles were obtained. The contrast of the images shows that the nanoparticles have 
an alloy structure with an average size of 7.15 nm. To understand the properties of the bimetallic 
nanoparticles, it is necessary to know the distribution of the elements in the nanostructure. We have 
used a semi-quantitative method to analyze the HAADF-STEM images, which allowed us to measure 
the total intensity of the scattered electrons for each atomic column. HAADF-STEM images of the 
Pt-Pd bimetallic nanoparticles were compared directly with image simulations, good agreement 
between simulation and experimental images was found. Cyclic voltammetry studies were carried 
out to analyze the electrochemical behavior of the bimetallic nanoparticles. 
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1. Introduction

In recent years, there has been much interest in improving 
the physicochemical properties of multimetallic nanoparticles. 
Bimetallic nanoparticles (NPs) are of interest since they 
lead to many interesting electrical, chemical, catalytic, 
and optical properties1. They are particularly important 
in the field of catalysis since they show superior catalytic 
properties than their monometallic counterparts2,3. The 
structure of bimetallic NPs depends mainly on the synthesis 
conditions and the miscibility of the two components4. The 
main structures of bimetallic NPs are core-shell, mixed 
alloys, Janus and multishell alloys configurations. Core-
shell configuration consists of a shell of one type of atom 
surrounding a core of another, although there may be some 
mixing between the shells. This configuration is common 
to a large variety of systems5-7. Mixed alloys configuration 
may be either ordered or random. In many cases random 

mixed configuration is often called alloyed nanoparticles. 
Multishell alloys configuration may present layered or 
onion-like alternating -A-B-A- shells8,9. However, one of 
the most important challenges nowadays is to know the 
distribution of the elements and the atomic positions in the 
above-mentioned configurations. Therefore, the structural 
characterization of the bimetallic NPs is fundamental for 
understanding their catalytic properties.

Pt is the most used catalytic metal in the fuel cells, 
mainly in direct ethanol fuel cells10; however one of the 
problems of the Pt catalyst is the poisoning by carbon 
monoxide11. A solution to enhancement the electrocatalytic 
properties is to mix the Pt with other elements or deposited 
on different supports12. Among Pt-based catalysts, Pt-Pd 
is one of the most attractive bimetallic systems due to its 
application as electrocatalyst in fuel cells13-15 and various 
applications including hydrogenation16-17 and oxidation of 
organic compounds18. 

Several studies have been carried out about the synthesis 
and electrocatalytic properties of the Pt-Pd bimetallic 
NPs19-22; these bimetallic NPs can be produced generally 
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by either successive co-reduction of Pt and Pd species or a 
seed-mediated growth method14, however, it important to 
know the chemical distribution of the elements which affects 
the physical and chemical properties of the nanoparticles23. 
Advanced electron microscopy techniques, especially scanning/
transmission electron microscopy (STEM), are indispensable 
for the characterization of the bimetallic NPs. The most 
important feature of a STEM instrument is its versatility: 
atomic resolution images, nano-beam diffraction patterns24, 
and spectroscopy data can be obtained either simultaneously 
or sequentially from the same region of the specimen25. Also, 
STEM has the potential to achieve atomic resolution images 
in three dimensions using electron tomography26. Since the 
development of spherical aberration (Cs) correctors27, the 
resolution of transmission electron microscopy (TEM) and 
STEM has been greatly improved reaching sub-Angstrom 
levels. The correction of Cs is achieved by incorporating a 
separate aberration corrector, containing non-round elements, 
into the electron optical system to eliminate the Cs of the 
round objective lens. The Cs-correction allows the lens to be 
used with wider convergence angles of electron waves; thus, 
the probe size can be decreased according to the principle 
of Fourier transform, and probe current becomes larger 
than that in conventional STEM28. Using Cs-correction in a 
STEM instrument, it is possible to obtain atomic resolution 
of high-angle annular dark field (HAADF)-STEM images 
with high spatial resolution that can be used in the qualitative 
and quantitative Z-contrast analysis. When the atomic 
numbers of the sample have large differences, Z-contrast 
can be interpreted directly from the image. 

It is important to carry out images simulations based 
on the dynamical theory of electron diffraction for the 
quantitative interpretation of experimental HAADF-STEM 
images. Multislice method29 is one of the principal methods 
used for dynamical simulations of HAADF-STEM images. 
When HAADF-STEM image simulations are carried out, all 
the experimental conditions of the electron microscope are 
taken into account, such as: acceleration voltage, defocus, 
coma, astigmatism, spherical aberration, chromatic aberration, 
probe size, convergence angle, annular detector range, and 
specimen thickness. In addition to the quantitative analysis 
of HAADF-STEM image simulations the elastic scattering 
and the incoherent thermal diffuse scattering (TDS) are 
necessary to be considered30 and also the map of the annular 
dark field detector recorded as a function of the position 
of the scanned incident electron probe31. The contribution 
of Bragg reflections is minimized and TDS becomes the 
most important contribution to image intensity32. For semi-
qualitative interpretation of experimental HAADF-STEM 
images, intensities ratios between different atom columns or 
intensity line profiles can be used. However, for quantitative 
interpretation of the HAADF-STEM images, determination 
of the chemical composition of individual atom columns 
based on measured intensity and the atomic thickness are 

a challenge. The atomic and background intensities should 
be measured for comparing the experimental and simulated 
images.

In this work, a chemical reduction process was used to 
synthesize Pt-Pd bimetallic NPs with alloy structure. The 
structural characterization was carried out by parallel beam 
X-Ray diffraction, scanning and scanning/transmission 
electron microcopy. A semi-quantitative method to analyze 
HAADF-STEM images was used, which allowed us to 
measure the total intensity of the scattered electrons for each 
atomic column and to know the distribution of the elements 
in the nanoparticle. Finally, electrochemical properties of 
the as-prepared nanoparticles were measured using cyclic 
voltammetry.

2. Experimental Procedure

2.1. Synthesis

The Pt-Pd alloy bimetallic nanoparticles were produced 
by the reduction of Chloroplatinic acid hexahydrate 
(H2PtCl6∙6H2O, 50 mM) with sodium borohydride (NaBH4) 
and then by adding of Potassium tetrachloropalladate (K2PdCl4, 
50 mM). All solutions were dissolved in deionized water. 
In order to stabilize the bimetallic nanoparticles, a solution 
of polyvinylpyrrolidone (PVP) at constant concentration 
of 50 mM was prepared and mixed during the reaction. 
The reducing agent (NaBH4) was added drop wise at a 
concentration of 0.2 M. 

2.2. Characterization

Pt-Pd alloy bimetallic nanoparticles were characterized as 
colloidal solution and as nanoparticles supported on Vulcan 
carbon. Copper grids with carbon film were prepared with a 
drop of the colloidal solution for STEM images. 

The samples were characterized by scanning electron 
microscopy (SEM) using the Hitachi SU8230 cold field 
emission (CFE) SEM/STEM microscope, which is equipped 
with detectors that allow the simultaneous recording of 
various electron signals and energies. 

Also, the samples were analyzed using aberration-
corrected STEM with a Jeol ARM200F (200 kV) FEG-TEM/
STEM microscope equipped with a CEOS Cs-corrector 
on the illumination system. High-angle annular dark field 
scanning transmission electron microscopy (HAADF-STEM) 
images were obtained by aberration-corrected STEM. The 
probe current used in STEM mode was 23.2 pA using a 
condenser lens aperture size of 40 microns. The HAADF 
images were registered using a camera length of 80 mm 
and a collection angle of 50 - 180 mrad. In order to reduce 
the noise of the images recorded, the images were filtered 
using the Richardson-Lucy/Maximum Entropy algorithm33. 
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Energy-dispersive X-Ray spectroscopy (EDS) was performed 
by means of Oxford XMax 80 EDS Spectrometer.

Parallel beam X-Ray diffraction (XRD) analysis of the 
bimetallic nanoparticles was carried out on a Rigaku Ultima 
IV® X-Ray diffractometer equipped with a Cu Kα source 
(λ = 0.154 nm) at 40 kV and 30 mA. The 2θ angular region 
between 10 and 80º is recorded at a scan rate of 1º/step.

2.3. Image simulations

HAADF-STEM image simulations have been performed 
using the QSTEM software package34, which uses the 
multislice algorithm based on the physical optics theory of 
Cowley and Moodie29. The QSTEM code is based on the 
methods described by E.J. Kirkland35. Table 1 shows the 
parameters considered for the simulation correspond to the 
experimental conditions of the microscope.

3. Results and Discussion

The properties of the bimetallic nanoparticles (NPs) 
are determined not only by their size, morphology and 
structure, also by the distribution of their elements. Hence 
an adequate structural and chemical characterization of the 
bimetallic NPs is essential. Parallel beam X-Ray diffraction 
(XRD) measurements of the samples were carried out to 
determine the structure of the nanoparticles, which could 
consist of a mixture of Pt and Pd individual elements, or 
Pt-Pd nanoparticles with alloy structure. Figure 1a shows 
the XRD pattern of the Pt-Pd alloy bimetallic nanoparticles, 
the XRD peaks at 40.05º, 46.59º, and 67.90º correspond to 
(111), (200) and (220) plane, respectively, which could match 
with the face-centered-cubic (fcc) structure and indicates 
the PtPd alloy formation (JCPDF 65-6418). The crystal size 
was evaluated from the XRD data using the Debye-Scherrer 
equation and the (111) plane diffraction, obtaining an average 
crystal size of 5 nm. It is important to mention that the 
(111) plane of the PtPd alloy is close to (111) plane of the 
Pd (40.119º, JCPDF 46-1043) (Figure 1b); therefore as the 
lattice parameter is very similar, it is necessary to analyze 
the samples with other techniques as electron microscopy.

Table 1. Experimental parameters used to HAADF-STEM image 
simulations.
Acceleration voltage 200 kV

Defocus C1 -1.9 nm

Coma B2 75.85 nm

Threefold astigmatism A2 33.75 nm

Spherical aberration C3 1 μm

Star aberration S3 0.515 μm

Fourfold astigmatism A3 0.089 μm

Coma 5th order B4 25.44 μm

Fivefold astigmatism A4 28.92 μm

Spherical aberration 5th order C5 0.74 mm

Probe size 1 Å

Camera length 80 mm

HAADF detector range 50 - 180 mrad

2.4. Electrochemical measurement

Cyclic voltammograms were collected in acidic media 
(0.5M H2SO4) to evaluate the electrochemical response of 
PtPd/C and Pt/C electrocatalysts. Electrochemical experiments 
were performed in a three-electrode electrochemical cell 
with a BioLogic VSP Potentiostat. Glassy carbon electrodes 
(Basi®) with Hg/Hg2SO4 saturated in K2SO4 for the acidic 
media and a graphite rod were used as the working, reference 
and counter electrodes, respectively. Ink containing the 
electrocatalyst was deposited on a glassy carbon electrode 
(Basi MF-2012, 3.0 mm Ø). The ink was prepared by 
mixing 1 mg of electrocatalyst and 15 µL of Nafion (5% wt. 
ElectroChem®) into 75 µL of isopropanol. The voltammograms 
of the profiles in acid media for the electrocatalysts were 
obtained at 50 mV s-1 scan ratio.

Figure 1. a) XRD pattern of the Pt-Pd alloy bimetallic nanoparticles 
and b) diffraction peak of (111) plane in comparison with XRD 
reference data of Pt (red), PtPd alloy (blue) and Pd (green).

Nowadays, one of the most important techniques used to 
characterize the bimetallic NPs is the scanning/transmission 
electron microcopy (STEM). Images with Z-contrast and high-
resolution can be acquire using high-angle annular dark field 
(HAADF)-STEM with spherical aberration (Cs)-corrected36. 
Figure 2a shows some low magnification HAADF-STEM 
images of the Pt-Pd alloy bimetallic NPs. These bimetallic 
NPs have a particle size about 7.15 nm (Figure 2b), which 
is close to the crystal size obtained by XRD. It is interesting 
to observe that the majority of the nanoparticles produced 
by this synthesis process did not present agglomeration and 
also it is clear from this image that the contrast of the image 
shows that the nanoparticles have an alloy structure, where 
the atoms of Pd and Pt have a random distribution, and the 
main crystallographic structure of the bimetallic NPs is fcc-
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like, however, with these images is not possible determine 
adequately the distribution of the elements, given that the 
image resolution is not sufficient. 

(Pd). From the image clearly is observable the distribution 
of the Pt and Pd elements in the bimetallic nanoparticle. 

Figure 3 shows the energy-dispersive spectroscopy 
(EDS) analysis of the elemental composition of the Pt-Pd 
alloy bimetallic NPs. The EDS spectrum (Figure 3b) shows 
the presence of Pt and Pd (Cu and O are associated with the 
grid and the dispersion medium respectively). The elemental 
composition of the Pt and Pd shows an atomic ratio close to 
(1:1). The figure displays the elemental mapping images for 
the bimetallic nanoparticle. The red and green color images 
are associated with the Pt and Pd elements, respectively. 
The mapping images were acquired using the L-line spectra 
of the elements. Also the overlap image is shown. It can 
be observed that the elements have an inhomogeneous 
distribution in the nanoparticle, where exist zones with high 
content of Pt and similar zones with high content of Pd. This 
indicates that the elements are localized in the nanoparticle 
in random form. Therefore, this confirms the alloy structure 
of the bimetallic nanoparticle.

Figure 2. a) Low-magnification HAADF-STEM images, b) particle 
size distribution plot, c) High-resolution HAADF-STEM image of 
PtPd alloy bimetallic nanoparticle, and d) FFT shows the [0-11] 
zone axis.

To determine the distribution of the elements with high 
precision, it is necessary to acquire images with higher 
resolution. Figure 2c shows a high-resolution HAADF-STEM 
image of a Pt-Pd alloy bimetallic nanoparticle labeled with 
square in Figure 2a. From the figure, d-spacings 0.225, 0.193 
and 0.146 nm were obtained. Such d-spacings correspond 
to (111), (200) and (022) crystalline planes respectively 
of the Pd-Pt face-centered-cubic crystal structure with 
a0 = 0.3896 nm (JCPDF 65-6418). Fast Fourier transform 
(FFT) shows the main reflections confirming the [0-11] 
zone axis (Figure 2d). The majority of the bimetallic NPs 
analyzed showed the same face-centered-cubic crystal 
structure and the nanoparticles were associated mainly with 
cuboctahedral morphology with dominantly exposed {100} 
and {111} facets. It is interesting to observe that in some 
facets monoatomic-layer islands can be found. The high 
resolution HAADF-STEM image shows a slight distortion 
in the crystalline planes, which are related with the effect 
of the scanning beam over the specimen. These distortions 
are showed as parallel fringes in the scanning direction and 
sometimes are misinterpreted as lattice distortions; however 
are the distortions arising from environmental or instrumental 
instabilities37. It is interesting to observe in this figure the 
difference in contrast obtained from the Pt and Pd atoms. The 
contrast in the HAADF-STEM images is associated with the 
atomic number Z of the elements in the sample, therefore, the 
strong brightness corresponds to the heaviest element (Pt) 
and the low brightness corresponds to the lightest element 

Figure 3. a) HAADF-STEM image of a Pt-Pd alloy bimetallic 
nanoparticle, b) EDS of the plotted area and EDS mapping of Pt, 
Pd and overlap elements.

The main advantage of HAADF-STEM images over 
high-resolution transmission electron microscopy (HR-TEM) 
images is its incoherence; there are no contrast changes as 
can been seen in HR-TEM due to the phase contrast of the 
imaging38. The contrast obtained in the HAADF-STEM 
images is dominated by Rutherford scattering; in this way 
the contribution of the Bragg reflections is minimized and 
incoherent thermal diffuse scattering (TDS) becomes the 
prevailing contribution to the image intensity39. The scattered 
intensity scale is associated mainly with the atomic number 
Z of the elements in the material. In this case, the difference 
between the atomic number of the elements Pt (Z=78) and 
Pd (Z=46) makes possible to observe notable differences in 
the contrast of the image. Some experiments and calculations 
reveal that the Z dependence of the signal exponent is around 
1.6-1.840. To visualize a better contrast, Apply_CLUT (color 
look-up table) script from D. R. G. Mitchell was used in the 
high resolution HAADF-STEM image (Figure 4a). This 
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script is useful for highlighting subtle intensity variations, 
which are much more evident in color temperature scale 
than grayscale. The image clearly shows differences in 
contrast intensity and some atomic columns are brighter than 
others. However, the brightness intensity of HAADF-STEM 
images of nanoparticles are almost insensitive to defocus 
and/or thickness changes due to the few number of atomic 
columns41; therefore the brightness intensity of the image is 
directly related with the atomic number of the elements. It 
is clear from the brightness intensity of the image that some 
atomic columns have a larger number of Pt atoms, since they 
are brighter and are indicated with a yellow color; instead, 
some atomic columns have a red less bright color which are 
associated with the Pd atoms.

the Pt concentration in the (111) facets decreases drastically 
with the particle size. In this figure the Pt concentration is 
mainly located in the (100) facets that could be dominated 
by the particle size. 

To confirm the above obtained results, simulations of 
HAADF-STEM images have been performed. Figures 4c and 
4d show the atomic model and simulated HAADF-STEM 
image of a Pd-Pt bimetallic nanoparticle. The parameters 
used in the simulation procedure are shown in Table 1, which 
correspond to the experimental parameters of the electron 
microscope. The atomic model used for the simulated images 
has a particle size about 4.5 nm with a thickness of 6.5 nm. 
From the simulated image, the brightness obtained from the 
different atoms is clear; display more brightness from atomic 
columns with major content of Pt atoms and less brightness 
from atomic columns with minor content of Pd. The direct 
matching of experimental and simulated HAADF-STEM 
images is carried out by the comparison of intensity profiles 
determined across some atomic columns. Figures 4e and 
4f show a small region of the experimental and simulated 
HAADF-STEM images, respectively. As can be observed 
there is good agreement between the two images. Figure 4g 
shows the intensity line profiles across the atomic column 
from the experimental and simulated images. The line profiles 
of the experimental and simulated images match perfectly. 
A qualitative interpretation of atomic-resolution HAADF-
STEM images is usually straightforward since the atomic 
columns with the higher average atomic number, always 
possess a higher intensity compared to the atomic columns 
with the lower average atomic number. However, to obtain a 
semi-quantitative interpretation and a good characterization 
of the nanoparticles, it is required image simulations and 
a good matching among the experimental images with the 
calculated ones. 

Pt-Pd alloy bimetallic nanoparticles were supported on 
Vulcan carbon black to analyze their electrocatalytic behavior. 
Figure 5a shows a scanning electron microscopy (SEM) 
image at low voltage using backscattered electrons detected 
by the Top detector, which has pure Z-number contrast with 
less topographical information. After that the nanoparticles 
were supported on the carbon black, it is evident that the 
nanoparticles were uniformly dispersed, and agglomeration 
was not observed, which it is very important because of the 
particle size and morphology are similar to those before load 
on the carbon. Figure 5b shows a SEM image generated 
using low energy secondary electrons detected by using 
the same Top detector but now in deceleration mode. As 
can be observed, the bimetallic nanoparticles with particle 
size between 5 to 10 nm are localized on the Vulcan carbon 
surface; also it is important to observe the porosity of the 
Vulcan carbon, which help to enhanced open circuit voltage 
of fuel cells, diminish the crossover, and expand the active 
area of the catalysts, leading to improvements in transport 
of fuel and by-products44.

Figure 4. a) HAADF-STEM image of a Pt-Pd bimetallic nanoparticle, 
b) Map representing each atom by its integrated intensity, c) atomic 
model of the PtPd alloy nanoparticle with a cuboctahedron shape, 
d) simulated HAADF-STEM image of the bimetallic nanoparticle, 
e) and f) selected small region of the experimental and simulated 
images, and g) line profile across the marked in the images.

Figure 4b shows the contrast intensity analysis performed 
using Absolute Integrator v1.2 program. The positions of all 
atomic columns in the experimental image were determined 
by normalized cross correlation after applying a Richardson-
Lucy filter to the image in order to reduce the noise33, which 
improved the accuracy of column finding. The intensity of the 
signal from all atomic columns in the experimental image was 
extracted and plotted as a color map representing integrated 
intensity of the atoms. It is very important to analyze in this 
figure that the Pt and Pd atoms are distributed randomly; it 
is also possible to observe some surface segregation of the 
Pt atoms in the bimetallic nanoparticle. The main factors 
influencing the surface segregation process are determined 
by atomic size, heat of solution of the alloy and the difference 
in the surface energies of the pure metal42. However, in the 
case of Pt-Pd alloys, atomic size and heat of solution effects 
for surface segregation can be neglected because the heat 
of solution of the alloy is very small; besides the Pt and Pd 
atoms have similar sizes. It has been reported by Monte 
Carlo calculations43 that the (111) facets have higher Pt 
concentration atoms than the (100) facets in Pt-Pd alloys with 
cuboctahedral shape. However, the Pt concentration in the 
(100) facets does not vary with respect the particle size, instead, 
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sensitive method for the identification of the atoms in bimetallic 
nanoparticles. Simulations of HAADF-STEM images can 
suggest the atomic positions and the intensities of the Pt and 
Pd elements. The interpretation of atomic column intensities 
was performed using a comparison between experimental and 
their corresponding simulated HAADF-STEM images. The 
average size of the Pt-Pd bimetallic nanoparticles synthesized 
by chemical reduction method was around 7.15 nm. This 
process is an excellent technique to synthesize bimetallic 
nanoparticles with smaller sizes and narrow size distribution, 
which to improve their physical and chemical properties. 
For many applications Pt has better catalytic activity than 
Pd, however, Pt-Pd bimetallic nanoparticles where Pt atoms 
are located in some facets are attractive in many catalytic 
applications. Furthermore, PtPd/C electrocatalyst showed a 
better potential for the beginning of the hydrogen evolution 
compared to commercial Pt/C.
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