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High resolution TEM studies on palladium nanoparticles
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Abstract

In the present work, we discuss the analysis of Pd nanoparticles in the range of 1–5 nm using high resolution electron
microscopy (HREM). Particles were grown using colloidal methods. The principles of the observation of HREM images and
their study using the corresponding FFT of the images are discussed.

The results show that particles have the following shapes: FCC cubo-octahedrons, icosahedrons, truncated decahedrons
and single-twinned FCC configuration. Each one of those structures is discussed and images are shown. We also found
that a fraction of the particles corresponds to a short range ordered amorphous phase. The future of HREM observations of
nanoparticles is also discussed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

There is a growing interest in many areas of the sci-
ence in understanding the properties of nanomaterials.
A particularly interesting application is the possibil-
ity of using arrays of nanoparticles for fabrication of
single electron tunneling devices [1].

The field of catalysis however is one in which the
nanosciences have been applied for many years. In-
deed, the goal of having a catalyst, with the maximum
active area exposed to a chemical reaction, has pro-
duced enormous amount of research in nanoparticles.
Particularly, the metal nanoparticles study is a very
important field in catalysis [2].

Electron microscopy is one of the techniques that
have played a major role on studding nanoparticles.
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Since the early conventional bright field images and
the intermediate resolution dark field techniques [3],
to the high-resolution atomic images of nanoparticles
[4] the results have shown that indeed the nanoparti-
cles (Pt and Au mainly), in the range of a few nanome-
ters, can have well-defined crystal structures. Even if
sometimes the structure is not the one corresponding
to the bulk metal.

More recently, the High Angle Annular Dark Field
images or Z-contrast has demonstrated the exis-
tence of clusters ∼1 nm [5]. However, this technique
provides only indirect evidence of the atomic ar-
rangements in the particles. High resolution electron
microscopy (HREM) still appears as a very powerful
technique to study nanoparticles and their internal
structure.

Among the most interesting metals to study is the
palladium, which acts for instance as excellent catalyst
for hydrogenation of unsaturated hydrocarbons [6] and
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has many other applications such as environmental
catalysts.

In the present work, we report a study of the struc-
ture of Pd clusters grown by colloidal methods using
high resolution TEM, fast Fourier transforms of im-
ages, modeling of the structure and molecular dynam-
ics calculations. Palladium clusters have been studied
by a number of groups using TEM (see for instance,
[7–10]). However, HREM images of very small clus-
ters ∼1–1.5 nm have not been discussed in the litera-
ture.

2. Theoretical basis of high resolution TEM
images

In order to understand the basis of images of
nanoparticles, we will present in this section some
theoretical background. In a TEM, electrons are scat-
tered in the sample by a small angle between 10−1

and 10−2 rad. Therefore, this is a forward scatter-
ing geometry in which we can use the small angle
approximation.

The wave equation for the electrons can be written
as

∇2ψ(r)+ k2ψ(r) = 0, (1)

where k is the magnitude of the wave number (1/λ)
and (r) is the wave function. Besides k is defined in a
quantum mechanics form as

k2 = (2me/�)[E0 + φ(r)], (2)

where m and e are the mass and charge of the electron,
respectively, while � is the Planck constant, E0 corre-
sponds to the electron acceleration voltage and φ(r)
represents the potential (electrostatic) field. As shown
by Spence [11], the refractive index of the sample can
be approximated as

n = k

k0
≈ 1 + φ(r)

2E0
, (3)

if we consider that typically the electrostatic potential
is ∼5–20 eV and the accelerating voltage is approx.
−2 ×105 eV, then the refraction index is very close to
the unity. This approximation, of course, is not good
for solids with a higher electrostatic potential or for
lower voltages.

If we assume that only the wave phase is changed
when the electrons cross the specimen, the phase
change for the electrons moving in the z direction is
proportional to

φ(x, y) =
∫
φ(x, y, z) dz,

the sample can be then consider to have a transmission
function q(x, y), which multiplies the incoming wave
by a factor

q(x, y) = e−iσφ(x,y), (4)

where σ is the interaction constant

σ = 2πmeλ

h2
. (5)

The Eq. (4) is called the phase object approximation
(POA), which has very useful in calculating images of
thin crystals [12].

We can even make a linear approximation and the
transmission function becomes

f (x, y) ∼= 1 − iσφ(x, y). (6)

This is known as the weak phase object approxima-
tion (WPOA). However, it is clear that those approx-
imations might fail for small particles. For instance,
in the case of gold, a few atom clusters can already
produce inelastic scattering or changes in the electron
direction due to the scattering and even refraction ef-
fects. The same situation is valid for palladium. These
approximations however are very useful for under-
standing qualitatively the images of small particles.

The intensity of the diffraction pattern ID will be
given by

ID(u, v)= δ(u, v)+ σ 2Φ2(u, v)

×
(

sin(aπu)

πu

sin(bπv)

πv

)2

, (7)

where δ is the delta function in two dimensions, Φ
the Fourier transform of φ(x, y), while u and v are the
coordinates in the diffraction plane and a and b define
the size of the aperture used to select the diffracted
area.

The final intensity that will be observed in the image
plane II(x, y), will be given by the Fourier transform of
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Fig. 1. Contrast transfer function plotted vs. defocus of the objective lens for the three principal reflections of Pd; (1 1 1), (2 0 0) and (2 2 0).

the wave function for the diffraction pattern and will
be given by

II = 1 − 2σφ(x, y)× I{sin γ }, (8)

where γ is the phase shift of the electron waves at the
focal plane and is given by

γ = π

2
(Csα

4 − 2�fα2), (9)

where α is the aperture angle, f the defocus and Cs
corresponds to the spherical aberration coefficient.

Eq. (8) contains the periodicity expected for the im-
age. One critical parameter to find out the best imag-
ining conditions for particles is to plot the value of the
sin γ function (contrast transfer) versus defocus. The
results are shown in Fig. 1. The calculation in Fig. 1
was performed for a JEOL 4000 EX microscope with
a limit resolution of ∼1.7 Å. In the so-called Scherzer
defocus [13] (�f = −405 Å), the columns of atoms
appear as black dots, and the (1 1 1) planes will tend
to have better contrast than the (2 0 0) crystallographic
planes. However, for a defocus of �f =∼ 702 Å
corresponding to a second maximum the columns
of atoms will appear as white dots and both (1 1 1)
and (2 0 0) planes will have about the same contrast.

Therefore, this condition appears more convenient for
imaging Pd particles.

On the other hand, it is often convenient to ob-
tain the Fourier transform of a high resolution image
using a CCD camera to collect the image and then
calculating the Fourier transform, Tomita et al. [14]
have shown that the intensity of the transform is given
by

L(u, v)= δ(u, v)+ 4σ 2Φ2(u, v) sin2 γ

×
(

sin(aπu)

πu

sin(bπv)

πv

)2

, (10)

where a and b represent the dimensions of the area in
which we obtain the FFT. As can be seen by compar-
ing (9) and (6), when sin = ±1, i.e. at Scherzer defo-
cus, the FFT of the image is identical to the diffraction
pattern. However, this is only true if the WPOA ap-
proximation is valid and the defocus is at one of the
maximum values.

Suppose now that the crystal is very thin or the
sample is a strong dynamical scatter. In this case, we
have to use the dynamical theory of electron diffraction
which makes the situation much more complex.

According to the standard dynamical diffraction
theory [15,16], the electron wave at the exit of the
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sample after traveling a distance z is given by

φ(z) =
∑
g

∑
j

A(j)C
(j)
g e2π ik(j)0 z e2π igr, (11)

where A(j) are combination constants, C(j)g is the am-

plitude of the j wave and k(j)0 is the component of the
wave vector along the z direction.

Assuming coherent interference the intensity is then
given as

I (r) =
∑
g′

∑
g′′
Φg′Φ∗

g′′ e2π i(g′′−g′)r ei(γg′′−γg′ ), (12)

where

Φg =
∑
j

A(j)C
(j)
g e2π ik(j)0 z. (13)

However, in most realistic cases the specimen is
illuminated by a partially coherent wave. Then, we
have to introduce the transmission function T (g′, g′′)
that reflects the electron optical characteristics of the
microscope.

So the intensity at the exit of the sample is given by

I (r) =
∑
g′

∑
g′′
T (g′′, g′)Φg′′Φ∗

g′ e2π i(g′′−g′)r , (14)

and the transmission function is given by

T (g′′, g′) = e−i(γg′−γg′′ )EdEf PEk,

where Ed is related to the beam divergence, Ef is re-
lated to the chromatic aberration and P is the aperture
function that can be used as P = 1, besides Ed is ex-
pressed as

Ed = e−(πα0/λ)
2[Csλ

3(g′′3−g′3)−�fλ(g′′−g′)2/u], (15)

Ef is given by

Ef = e−(π�λ/2)2(g′′−g′)2/u. (16)

Supposing that we now take the Fourier transform
of the high-resolution image, which is contained in
Eq. (13). This will be

F(
g) =
∑
g′

∑
g′′
T (g′′, g′)Φg′′Φ∗

g′ , (17)

with

g = g′′ − g′

and the intensity is

IT = F(g)F ∗(g)

The nature of the summation indicates that distance
between spots in a FFT is still equal to g. Therefore,
even in the dynamical case useful information about
the crystallography of a small particle can be obtained
by using the FFT of the HREM image. Even though
in this case the intensities of the FFT spots are not
necessary related to the intensity of diffraction spots.
On the other hand, since we can control the size of
area in which the FFT is obtained it is possible to
obtain crystallographic information on small regions
of a nanoparticle.

3. Experimental methods

3.1. Particle preparation

Samples were prepared using modifications for
Pd of the methods of Bönnemann et al. [18] and
Brust et al. [17]. We started with a portion of 0.1 g
of PdCl2, which is mixed with 75 ml of tetrahydro-
furan (THF); magnetic agitation is used to produce
and homogeneous solution. Then, we added 0.55 ml
of 1-dodecanethiol [CH3(CH2)11SH] and the same
amount of [LiB(C2H5)3H]. The reaction is run for
16 h and finally the THF is evaporated. The final
product is precipitated on cold ethanol several times
to remove the excess of 1-docecanothiol. The result-
ing structures are particles of Pd metal in which the
surface is passivated with an alkyl–thiol molecule.

3.2. Electron microscopy and image processing

Electron microscopy was performed using a
JEOL-4000 EX high-resolution microscope with a
resolution ∼1.7 Å and with a JEOL-2010 EX mi-
croscope fitted with an analytical pole piece and
a resolution of ∼2.0 Å. Samples were prepared on
carbon grids for TEM observations. Images were
digitized using a high-resolution CCD camera and
computer processed to obtain the FFT. The patterns
were analyzed to determine the distances. Images of
the particles were calculated using the simulaTEM
program developed by Beltran del Rio and A. Gomez.
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Fig. 2. General view of the Pd nanoparticles that are obtained by the methods explained in the text. Note the bimodal size-distribution.

4. Experimental results

A general view of the Pd particles obtained by our
experimental methods is shown in Fig. 2. As can be
seen from the image there is a broad size distribution
of particles ranging from <1 nm to ∼5 nm. However,
there is a high preference for the very small clusters.
We have made a detailed analysis of all the types of
particles that can be observed in the samples. We clas-
sified them in several groups: FCC, icosahedral, deca-
hedral and twinned particles. In the following sections,
we will discuss each one in the more detail. It should
be remembered that our preparation method renders
particles whose surface is passivated by an alkyl–thiol
molecule. Nevertheless, the passivating agent does not
alter the basic shape and geometry of the particle.

However, it can produce distortions along some crys-
tal planes.

4.1. FCC cubo-octahedral particles

The first type corresponds to particles with a FCC
structure. Fig. 3 shows a few examples: Fig. 3(a) cor-
responds to a particle of ∼1 nm in diameter, which
is obtained in the second maximum of contrast corre-
sponding to a condition where the columns of atoms
appear as white dots. The particle has a 〈1 1 0〉 ori-
entation with respect to the electron beam. A slightly
larger 〈1 1 0〉 oriented particle is shown in Fig. 3(b). In
Fig. 3(c), a particle with 〈1 0 0〉 orientation is shown,
this particle is around 2 nm in size and it shows clearly
the square distribution contrast. Finally, the Fig. 3(d)



66 M. José-Yacamán et al. / Journal of Molecular Catalysis A: Chemical 173 (2001) 61–74

Fig. 3. HREM images of Pd particles with FCC structure (a) and (b) are in a 〈1 1 0〉 orientation and (c) is in a 〈1 0 0〉 orientation, while (d)
corresponds to a particle with a hexagonal profile, which corresponds to a distorted 〈1 1 0〉 orientation. The corresponding FFT is included
in each case.

Fig. 6. Sequence of HREM images for decahedral Pd particles showing different orientations with respects to the one five fold axis parallel
to the electron beam. A model shows in each case the orientation the corresponding FFT is included in the figure.
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Fig. 4. HREM image of a Pd particle in the ∼1 nm size in which the lattice parameters have been measured. Note that the obtained values
of the (2 0 0) planes of 2.15 Å which represent a distortion of 12.5% with respect to the bulk value. Note that the angles are also distorted.
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shows an FCC with a well-defined hexagonal shape.
It must be remembered that the (2 2 0) reflections for
Pd are 1.37 Å, which is below the microscope de-
tection limit and the particles in the 〈1 1 1〉 orienta-
tion cannot be observed. Therefore, it is clear that
Fig. 3(d) does not correspond to a 〈1 1 1〉 orienta-
tion. The Fig. 3 shows clearly that one of the shapes
that particles can assume corresponds to the regular
FCC cubo-octahedron or their truncations (such as the
tetrakaidecahedron).

We have performed a very careful and detailed
measurement of the lattices spacing of the very small
particles. The magnification of the microscope was
calibrated and then the FFT. The result is shown in
Fig. 4 for a particle ∼1 nm.

It is clear that the 〈2 0 0〉 planes are distorted and
appear with a value of 2.15 Å, this is in contrast with

Fig. 5. Sequence of HREM image of icosahedral particles of Pd: (a), (b) and (c) are in a near five fold orientation and (d) is in a two
fold orientation. The corresponding FFT is included in each case.

the bulk value of 1.92 Å. Therefore, there is a dis-
tortion in the particle of ∼12.5% (expansion) along
the 〈1 0 0〉 direction. As can be seen from the figure
the angles between planes are also distorted and do
not correspond to the bulk valves. This is a remark-
able fact that contrast very much with gold particles,
in which a lattice contraction has been reported [19].
Previous reports by Heinemann et al. [10] for Pd in
MgO indicated a lattice expansion to accommodate
the misfit. However, in our case the particles are sup-
ported on a weak interacting substrate (amorphous
carbon).

4.2. Icosahedral particles

Fig. 5 shows images of icosahedral particles:
(a)–(c) correspond to particles in five fold orientation



M. José-Yacamán et al. / Journal of Molecular Catalysis A: Chemical 173 (2001) 61–74 69

whereas, (d) corresponds to a particle in two fold ori-
entation. The particle in Fig. 5(a) has a size of ∼1 nm
and although there are some background noise, in the
FFT the 10 spots corresponding to the five fold orien-
tation can be clearly seen. The particles in (b) and (c)
are slightly tilted away from the five fold orientation.
The particle in (d) corresponds also to a perfect two
fold orientation [20,21]. It is interesting to note that
in contrast with the case of gold particles in which
the five fold orientation is rarely seen, in the case of
Pd appears to be the most frequently observed.

4.3. Decahedral particles

The next type of structure corresponds to the trun-
cated decahedra first introduced by Howie and Marks
[22]. These particles are shown in Fig. 6 in different
orientations. The Fig. 6(a) corresponds to a particle

Fig. 7. HREM images of single-twinned Pd particles; note the splitting of the FFT spots indicated in both cases.

with just ∼1 nm size but it is possible to observe the
five tetrahedral twins forming the particle. In each
case, the orientation of the particle with respect to
the electron beam is shown in the Fig. 6 with the
corresponding model.

This kind of particles might have some variants such
as the star like pentagon or the rounded pentagon [23].
These particles, besides the (1 1 1) and (1 0 0) facets,
have reentrant (1 1 1) facets which further minimize
the total energy of the particle. In the case of gold, this
configuration shape has been found to be remarkably
stable [24]. We also note from the images, in Fig. 6(b),
that some of the twin boundaries are incoherent, this is
consistent with the previous reports for gold particles
by Gao et al. [25]. This produces split on the spots
shown in Fig. 6(b). It is however important to mention
that in many cases perfect coherent twins are observed
such as the case of Fig. 6(a).



70 M. José-Yacamán et al. / Journal of Molecular Catalysis A: Chemical 173 (2001) 61–74

Fig. 8. HREM images of amorphous particles: (a) shows a cluster of ∼1 nm; (b) shows a particle with a well-defined dark contrast in the
atomic column; (c) and (d) show larger particles. The FFT is shown in each case.

4.4. Twinned particles

In this section, we will discuss particles that will
only have one or two twin boundaries and therefore
do not have the pentagonal or icosahedral structure.
They are FCC particles, which have developed a twin
boundary. Examples of those particles are shown in
Fig. 7(a)–(b). In this case again we identified the twins
by the FFT. In this case, we see splitting of the spots
〈1 1 1〉 spots as shown by the arrows in FFT of Fig. 7(a)
and (b). The twin geometry can be more clearly seen in
a larger particle as the one corresponding to Fig. 7(a).
The smallest twinned particle that was observed was
again close to 1 nm in Fig. 7(b). Single-twinned parti-
cles remain remarkably stable a do not change to other
configurations.

4.5. Amorphous particles

In many cases, we were able to obtain particles in
which the geometry could not be established in any
sense. In all cases those particles produce noisy and
undefined FFT. Examples of those particles are seen
in Fig. 8. The particles vary in size but they can be as

small as the particle shown in Fig. 8(a), which has a
size of ∼1 nm. The Fig. 8(b) shows a particle in which
the lines of atoms show strong dark contrast but the
FFT shows no indication of ordering. Fig. 8(c) and (d)
correspond to larger particles. The subject of amor-
phous nanoparticles has been subject of a big con-
troversy. However, in a recent calculation by Garzon
et al. [26] amorphous structures were found theoret-
ically for the case of gold clusters. In new of those
calculations is very likely that the reported particles
correspond to short-range order amorphous structures.
The Fig. 9 shows some possible models for the amor-
phous clusters obtained by molecular dynamics sim-
ulation. This is the first time, to our knowledge, that
small amorphous nanoparticles are found experimen-
tally in the case of Pd.

5. Discussion of nanoparticle geometry

We have shown in the previous section that the
nanoparticles of Pd might show four basic shapes:
FCC cubo-octahedral, icosahedral, decahedral and
twinned. These four geometries appear to have a
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Fig. 9. Theoretical models for the amorphous Pd particles for 55 (a–b) and 561 (c) atoms. The FFT and the simulated image are shown
in each case.

similar probability of being observed. There is a very
clear reason for that behavior; all those structures
correspond to states that have a very similar energy.
Therefore, a jump between different states is very
likely. In fact, in most growth conditions we will ex-
pect that the kinetics will dominate the final shape of
the particles. In other words, the equilibrium struc-
tures will not be easily achieved. This is an important
fact for catalysis. Most methods used to prepare
Pd catalyst will not produce equilibrium structures
and a distribution of shapes it is expected to be
observed.

One of the most remarkable structures is the icosa-
hedron structure. As discussed by Martin [27] the
icosahedron is a highly strained structure. The struc-
ture is formed by shells and the inter-atomic distance
between shells is smaller than those within the shell.
Therefore, the icosahedral structure is only expected
for very small clusters with a high surface to volume
ratio. However, some of the clusters observed in this
work can have a relatively large size.

In the case of the decahedral configuration a regular
decahedron can be formed by deforming five tetrahe-
dral and a shell structure can be formed. However, the
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regular decahedron has a large surface area and inter-
nal strain and is not expected to be stable. However,
if truncations are introduced it becomes more spheri-
cal and therefore more stable. This truncation exposes
[1 0 0] faces. An additional truncation of [1 1 1] faces
reduces the energy even more. This shape is therefore
expected to be more stable than the icosahedral shape.
Also the FCC cubo-octahedral particles appear to be
truncated and very stable.

It should be emphasized that the facts that particles
are surface passivated do not alter the basic shapes
observed. One possibility for the future is to look if the
passivating molecule could be used to select a given
particle shape.

6. Electron microscopy of nanoparticles
in the near future

The first pioneering work, of high-resolution anal-
ysis on Pd, was made by Renou and Penisson [28] for

Fig. 10. Theoretical images for a cubo-octahedral particle in a zone axis 〈1 1 1〉 for a microscope with Cs ∼ 0. Note that the (2 2 0) planes
are clearly resolved. The corresponding defocus values are indicated in the figure.

larger particles since then a lot of progress in the area
has been made. In the present work, we report, the ob-
servation of very small clusters (∼1 nm), which are in
the size of interest in catalysis.

However, new electron microscopy techniques are
being developed which will impact even more the
study of nanoparticles.

One of them is the so-called Z-contrast which
allows obtaining images of particles <1 nm (for a
detailed discussion see [13]). However, this tech-
nique does not produce atomically resolved images
of such small nanoparticles but allows the determi-
nation of their size and in some conditions of their
geometry.

However, probably the most spectacular results will
come from the use of a new generation of instru-
ments in which the spherical aberration coefficient
Cs has been corrected to an almost zero value [29].
This has already been demonstrated in practice that a
sub-Angstrom resolution image of nanoparticles will
become routine in the future.
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Fig. 11. Calculated images for a microscope with Cs ∼ 0 for a particle with icosahedral shape in a two fold orientation. Note that the
atoms near the edge of the particle are clearly imaged.

Many benefits are expected from those machines.
First, is the ability to see (2 2 0) planes that will allow
the observation of 〈1 1 1〉-oriented particles. This is
illustrated in Fig. 10 for the case of a cubo-octahedral
particle with 〈1 1 1〉 orientation in which the (2 2 0)
planes are observed. This is a calculated image and
defocus values are indicated in the figure. It should be
noted that in this case the Scherzer defocus condition
is meaningless and the best contrast is obtained for
shorter defocus values [30].

A second example is shown in Fig. 11 for an icosa-
hedral particle in two fold orientation it is clear that
the atomic planes near the particle edge will be clearly
resolved.

A final advantage will come from the fact that in
all cases particles are supported on a carbon film. This
produces a blurring in the high-resolution image. This
effect is very difficult to avoid. However, by the use
of Cs ∼= 0 instruments that problem will be greatly
reduced.
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