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Abstract
The deposition of Pd and Pt nanoparticles by atomic layer deposition (ALD) has been studied
extensively in recent years for the synthesis of nanoparticles for catalysis. For these applications,
it is essential to synthesize nanoparticles with well-defined sizes and a high density on large-
surface-area supports. Although the potential of ALD for synthesizing active nanocatalysts for
various chemical reactions has been demonstrated, insight into how to control the nanoparticle
properties (i.e. size, composition) by choosing suitable processing conditions is lacking.
Furthermore, there is little understanding of the reaction mechanisms during the nucleation stage
of metal ALD. In this work, nanoparticles synthesized with four different ALD processes (two
for Pd and two for Pt) were extensively studied by transmission electron spectroscopy. Using
these datasets as a starting point, the growth characteristics and reaction mechanisms of Pd and
Pt ALD relevant for the synthesis of nanoparticles are discussed. The results reveal that ALD
allows for the preparation of particles with control of the particle size, although it is also shown
that the particle size distribution is strongly dependent on the processing conditions. Moreover,
this paper discusses the opportunities and limitations of the use of ALD in the synthesis of
nanocatalysts.

Keywords: atomic layer deposition, catalysis, nanoparticles, palladium, platinum, thin film,
nanostructures

(Some figures may appear in colour only in the online journal)

1. Introduction

Supported noble metal nanoparticles are employed as cata-
lysts in many important technologies, for example in oil
refining, automotive emission control, or fuel cells. Although
many methods exist to synthesize these nanoparticles, there is
much interest in novel methods to synthesize improved cat-
alysts using recently developed nanotechnologies [1, 2]. This
is motivated by the industrial importance of the applications
of noble metal nanoparticles, combined with the scarcity of
these materials. Atomic layer deposition (ALD) is a thin film

deposition method that has gained increasing momentum in
the last decade for applications in microelectronics and
renewable energy technologies, due to its ability to deposit
ultrathin high-quality films with control at the atomic level
[3]. Because the initial stage of ALD of metals generally
involves the formation of islands instead of layer-by-layer
growth, ALD also has been considered in recent years for the
synthesis of supported metallic nanoparticles for catalysis [4].

The ALD technique can offer several benefits when
compared to conventional nanoparticle synthesis methods. A
typical ALD process consists of cycles involving the
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sequential exposure of a surface to two or more vapor-phase
precursors, which interact with the surface through self-lim-
iting chemical reactions. The cyclewise nature of ALD
potentially provides the opportunity to precisely tune the size
of the nanoparticles [4]. In addition, it enables the synthesis of
alloyed or core/shell nanoparticles by combining the ALD
processes of different materials [5–7]. Due to the self-limiting
surface reactions, the ALD process is not dependent on the
precursor flux, allowing for uniform deposition of nano-
particles on powders and porous supports. Furthermore, the
synthesized nanoparticles can be used without the need for
post-deposition treatments to remove ligands or contaminants.

The synthesis of Pd and Pt nanoparticles has been
explored extensively for various catalysis applications. Pt
nanoparticles prepared by ALD have for example been used
in catalysts for CO oxidation [8], the water-gas shift reaction
[9], propane oxidation [10], and methanol fuel cells, while
ALD-grown Pd nanoparticles have been used for oxidative
dehydrogenation of ethane [11], alcohol oxidation [12], and
methanol decomposition [13]. Ru-decorated Pt nanoparticles
deposited on multi-walled carbon nanotubes have been
explored for methanol fuel cells [14]. By alternating between
the ALD processes of Ru and Pt, Ru–Pt bimetallic nano-
particles were synthesized [5, 15]. Furthermore, core/shell
Pd/Pt and Pt/Pd nanoparticles were deposited by performing
sequential ALD of Pt and Pd [6, 7]. It has been shown that Pt/
Pd core/shell nanoparticles synthesized by ALD show a
higher activity for propane oxidative hydrogenation to pro-
pylene as compared to monometallic Pd or Pt nanoparticles
[7]. During the synthesis of core/shell nanoparticles by ALD
it is essential that the shell is selectively deposited on the core
without forming new nanoparticles [6]. To this end, selective
Pt, Pd, and Ru processes have been developed in recent
work [16, 17].

Since the catalytic activity of many chemical reactions is
strongly dependent on the particle size, high-performance
catalyst typically consists of a high density of nanoparticles
with a narrow particle size distribution [1]. It is therefore
important to perform a detailed characterization of the particle
size, structure, and density of the deposited nanoparticles.
Moreover, it is essential to have an in-depth understanding of
the mechanism of nanoparticle formation during ALD to be
able to synthesize catalysts with the right properties. The
majority of the reaction mechanism studies reported for Pd
and Pt ALD processes focus on the surface chemistry of film
growth [18–20]. However, not much is known about which
ALD processes and conditions are most suitable for nano-
particle synthesis.

The aim of this paper is to identify how to synthesize Pd
and Pt nanoparticles by ALD with an accurate control of the
size and a high uniformity on large-surface-area supports. By
addressing what is important for controlling the nanoparticle
properties, we hope to contribute to the development of
improved catalysts, and motivate future experimental studies.
First, section 2 reviews the opportunities ALD offers for
synthesizing nanocatalysts. The discussion in this section
identifies some of the open questions in this research area that
need to be answered to fully exploit ALD in the synthesis of

improved nanocatalysts. The remainder of the paper then
focuses on the two most central questions: (i) Does ALD
enable the synthesis of metallic nanoparticles with accurate
control of the size (with a narrow particle size distribution)?
(ii) What are the limitations for achieving uniform deposition
of nanoparticles on large-surface-area supports? To this end,
Pd and Pt nanoparticles synthesized with four different ALD
processes were studied by transmission electron microscopy
(TEM). These processes are described in section 3, and the
experimental results are presented in section 4. This exper-
imental work serves as a starting point for an extensive dis-
cussion on the underlying mechanisms of nanoparticle
synthesis, presented in section 5, with special attention to the
formation of nanoparticles, the particle size distribution, and
the saturation of the surface reactions. Finally, the conclu-
sions of this work are summarized in section 6.

2. The use of ALD in catalysis

In this section, the properties nanoparticles should have to be
suitable for applications in catalysis are briefly reviewed. The
focus will be on the opportunities ALD offers for synthesizing
improved catalysts. These opportunities are schematically
illustrated in figure 1. The discussion deals with the three
foremost parameters that describe the performance of a cat-
alyst: (i) the activity for the chemical reaction of interest, (ii)
the selectivity towards the desired reaction product, and (iii)
the stability, i.e. the degree in which activity and selectivity
change over time.

The activity of a catalyst is first of all dependent on the
catalytic activity of individual nanoparticles for a certain
chemical reaction, which is often strongly dependent on the
particle size. One of the most interesting features of ALD for
synthesizing nanoparticles is therefore that it potentially
enables accurate control of the particle size by exploiting its
cyclewise nature. Furthermore, the activity of a catalyst can
be improved by tuning the composition and structure of the
nanoparticles, for which ALD can offer unique possibilities as
discussed in more detail below. For the activity, it is also
important that ALD yields nanoparticles that are not covered
in ligands, and does not require a post-deposition treatment to
remove contaminants. Evidently, the density of the nano-
particles is an important parameter for the activity of the
catalyst. Since the maximum nanoparticle density is limited
by particle ripening processes, the main approach in the cat-
alysis industry to synthesize a highly-active catalyst is to use a
support with a high surface area.

One of the main merits of ALD is its ability to coat
nanostructured surfaces with a uniform film. Similarly, the
deposition of metallic nanoparticles by ALD for catalysis
applications has the potential to synthesize particles with a
comparable particle size distribution on the entire surface of a
large-surface-area support. An example of this application is
the deposition of Pt nanoparticles on regular arrays of GaP
nanowires [21]. Figure 2 shows a GaP nanowire decorated
with Pt nanoparticles deposited by 300 cycles of Pt thermal
ALD. The nanoparticle deposition was stimulated by first
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coating the GaP nanowires with ∼3 nm Al2O3 by ALD.
These TEM images thereby illustrate that ALD can be used
for the modification of the support surface as well as for
deposition of the nanoparticles.

Figure 2(a) shows a higher density of nanoparticles at the
top of the nanowire as compared to density at the bottom,

while figure 2(b) reveals a broad particle size distribution. The
pulsing times were chosen in saturation based on saturation
curves for Pt ALD film growth. The images demonstrate that
even when using ALD, it is not straightforward to deposit
similar nanoparticles uniformly on a large-surface-area sup-
port. This experiment illustrates that improving the uniformity
of nanoparticle deposition on high-aspect-ratio structures is
one of the main challenges for the use of ALD in catalysis
applications. The particle size distribution and the uniformity
of nanoparticle deposition are two aspects that are discussed
in more detail in this paper.

Besides the activity, the selectivity of the catalyst
towards a certain product is the most important parameter
characterizing its performance. The selectivity is often
strongly dependent on the size, composition, and structure of
the nanoparticle. In addition to a control of the particles size,
ALD offers the possibility for precise catalyst engineering by
tuning the composition and structure of the nanoparticles,
which can lead to improved catalyst selectivity and activity.
Work at the Argonne National Laboratory has demonstrated
that alloyed Ru/Pt bimetallic nanoparticles can be synthe-
sized by mixing two different metal ALD processes [5]. This
resulted in an improved catalysts with a higher conversion for
the methanol decomposition reaction as compared to physical
mixtures of monometallic Ru and Pt nanoparticles [5]. We
have shown in previous work that ALD also allows for the
formation of core/shell nanoparticles by the sequential
deposition of Pd and Pt [6, 22]. Lei et al demonstrated that
Pt/Pd core/shell nanoparticles synthesized by ALD show a
higher selectivity for oxidative dehydrogenation of propane to
propylene at 300–400 °C [7].

In our work, Pd/Pt core/shell nanoparticles were syn-
thesized by first performing Pd ALD, followed by Pt ALD as
illustrated in figure 3 [6, 22]. During this second deposition, it
is important that the Pt growth only occurs on the Pd cores
and that no new nanoparticles are formed. To this end,
selective growth conditions were employed that were found in
previous work on nanopatterning [16, 23]. A low O2 pressure

Figure 1. Schematic illustration showing the various opportunities that ALD offers for the synthesis of improved nanocatalysts. ALD enables
the synthesis of nanoparticles with control of the size (1), composition and structure (2), (3), while it can also be used to encapsulate
nanoparticles (4). The panel on the right illustrates the ability of ALD to uniformly deposit nanoparticles on nanostructured surfaces such as
trences (A), powders (B) or nanowires (C).

Figure 2. (a) High angle annular dark field (HAADF), (b) bright field
(BF), and (c) high resolution TEM images illustrating the deposition
of nanoparticles on nanostructured structures. (d) The surface of the
GaP nanowire was prepared for the Pt ALD process by carrying out
20 cycles Al2O3 ALD. The Pt nanoparticles were synthesized by 300
cycles of the Pt themal ALD (AB process).
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was used during the O2 pulse, resulting in Pt growth on the Pd
cores, while no new Pt nanoparticles are formed on an oxide
substrate for these conditions. Recent experiments suggest
that employing a low O2 pressure leads to a substrate temp-
erature lower than the set temperature due to a reduced
thermal contact between the sample and the substrate holder.
Therefore, similar selective growth behavior is also obtain-
able by using a high O2 pressure combined with a low sub-
strate temperature, as has recently also been demonstrated by
Lu et al [17].

An important problem in catalysis is the deactivation of
nanoparticles during their application as a catalyst. The two
main ways of catalyst deactivation are: (i) accumulation of
carbon species on the catalyst surface, referred to as coking,
and (ii) sintering of the nanoparticles into larger particles with
a lower catalytic activity. Weimer and colleagues used
molecular layer deposition (MLD), a technique closely related
to ALD, to stabilize supported Pt nanoparticles with an
ultrathin porous shell [24]. MLD enables complete encapsu-
lation of the Pt nanoparticles with an ultrathin film of only a
few nanometers thick. Aluminum alkoxide (alucone) hybrid
polymer films were deposited using a MLD process with
trimethylaluminum and ethylene glucol pulses. Subsequently,
the alucone was converted to porous Al2O3 by removal of the
organic component by means of oxidation at 400 °C in air. It
was found that this catalyst is more stable to calcination in air,
even at 800 °C. The coated Pt nanoparticles were less active
for CO oxidation, which was attributed to the small dimen-
sions of the pores in the Al2O3. However, it was discussed
that the method allows for tuning of the pore size by using

alternative MLD chemistries involving precursors with a
different length of the carbon chain. Similarly, Stair and co-
workers developed a method based on encapsulation by
metal-oxides prepared by ALD [11]. In that work, 45 cycles
of Al2O3 were carried out on Pd catalysts which were applied
for oxidative dehydrogenation of ethane to ethylene. At first
sight, coating a Pd catalyst consisting of ∼3 nm Pd nano-
particles with a ∼8 nm thick Al2O3 film is expected to
completely bury the nanoparticles in the oxide, due to the
conformal nature of the ALD growth. However, it was found
that microporosity develops inside the Al2O3 (with ∼2 nm
diameter pores) at the high-temperature conditions employed
during catalysis (due to dehydration, removal of carbon
residues, and dewetting of the Al2O3). It was demonstrated
that these ALD-modified catalysts produce only 6% of the
coke formed on uncoated catalysts, almost completely elim-
inate nanoparticle sintering, and significantly enhance the
yield of ethylene [11].

An example of ALD-encapsulated nanoparticles is pre-
sented in figure 4, showing an InP nanowire [25], decorated
with Pt nanoparticles, with an overcoat by 15 cycles Al2O3.
The deposition of Pt nanoparticles on nanowires is interesting
for photoelectrochemical reduction of water. For this appli-
cation, the Pt nanoparticles serve as the catalyst for the

Figure 3. (a) Core/shell Pd/Pt nanoparticles can be synthesized by
ALD by combining Volmer–Weber island growth of Pd with
selective growth of a Pt shell [6, 22]. (b) High-resolution HAADF-
STEM image of Pd/Pt core/shell nanoparticles deposited by ALD
[22]. (c) A two-dimensional energy dispersive x-ray spectroscopy
(EDX) mapping revealing the presence of Pd in the cores and Pt in
the shells. From [22]. Figure 4. (a), (b) TEM images demonstrating the encapsulation of Pt

nanoparticles with an Al2O3 film prepared by ALD. (c) The InP
nanowire was first coated with a layer of 20 nm Al2O3. The Pt
nanoparticles were deposited by 50 ALD cycles using the Pt AB
process, which was followed by 15 cycles Al2O3 ALD. Please note
that during TEM imaging, the side-facet of the nanowire was aligned
parallel to the viewing direction, which ensures that the observation
of a layer covering the nanoparticles is not due to an image
projection effect.
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hydrogen evolution reaction [26], while the Al2O3 layer
improves the stability of the InP nanowire in aqueous elec-
trolytes [27]. The high-resolution image in figure 4(b) illus-
trates the presence of Al2O3 in between the nanoparticles, as
well as the presence of a thin layer covering the nanoparticles.

A further advantage of encapsulation of catalyst particles
was presented by Lu et al [28]. They demonstrated that the
deposition of Al2O3 on Pt nanoparticles favors low-coordi-
nation metal sites, which have a high activity for C–C bond
breaking and hydrogen stripping. The blocking of these sites
thereby reduces catalyst deactivation through coke formation.
Moreover, it also reduces Ostwald ripening because that
involves the detachment of these low-coordinated metal
atoms. More interestingly, preferential ALD on low-coordi-
nation sites, while leaving (111) terrace sites available for
catalytic reactions, may open up new possibilities for synth-
esis of catalysts with enhanced selectivity [4].

3. Details of the investigated Pd and Pt ALD
processes

This paper presents data obtained using four different ALD
processes, i.e. two Pd ALD processes and two Pt ALD pro-
cesses. Table 1 gives an overview of the details of these
processes as well as references to detailed descriptions
in earlier work. Pd nanoparticles were deposited using
plasma-assisted ALD: an AB process involving Pd(hfac)2
(hfac=hexafluoroacetylacetonate) and H2 plasma pulses,
and an ABC process with Pd(hfac)2, O2 plasma, and H2

plasma pulses [29]. The AB process was employed in our
previous work for the synthesis of Pd/Pt core/shell nano-
particles [6]. In this process, the H2 plasma was expected to
remove the hfac ligands present on the surface after the Pd
(hfac)2 pulse [30]. However, it was found that the use of
solely a H2 plasma as the co-reactant results in films con-
taining 14±3 at.% carbon impurities [29]. The high
impurity level suggests that a part of the ligands decompose
on the Pd surface. This could be explained by the fact that Pd
is able to catalyze the breaking of C–C bonds in species
adsorbed on its surface [31]. Subsequently, to enable the
deposition of high-quality Pd, an ABC process with Pd
(hfac)2, H2 plasma, and O2 plasma pulses was developed [29].
The O2 plasma pulse (i.e. the C step) of the ABC process is
effective in removing carbon-containing species remaining
after the H2 plasma pulse (i.e. the B step), which leaves a
carbon-free surface ready for the next ALD cycle. It was
demonstrated that this ABC process results in virtually 100%

pure Pd films, and aditionally it leads to faster nucleation as
compared to the Pd AB process [29].

For the deposition of Pt nanoparticles, a thermal ALD
process consisting of (methylcyclopentadienyl)trimethylpla-
tinum (MeCpPtMe3) and O2 pulses at 300 °C [32] (referred to
as the Pt AB process), and a three step plasma-assisted ALD
process consisting of MeCpPtMe3, O2 plasma, and H2 plasma
pulses at room temperature [33] (referred to as the Pt ABC
process) were employed. The Pt AB process is based on the
process developed by Aaltonen et al [32], which has become
the standard for Pt ALD. Films deposited with this process are
characterized as virtually pure (C, O<5 at.%) while having a
low-resistivity (13±1 μΩ cm) [34]. Nanoparticles deposited
with this process can be expected to be of similar high-
quality. The thermal Pt AB process requires a substrate
temperature of at least 225 °C to obtain a growth rate
of>0.03 nm/cycle. The Pt ABC process was developed to
enable the deposition of Pt at lower substrate temperatures
[33]. In previous work, an ALD process consisting of
MeCpPtMe3 and O2 plasma pulses was shown to result in
PtOx films when using a low substrate temperatures of 100 °C
[34]. Therefore, a H2 plasma exposure step was added to the
process that counteracts the oxidation of the film, such that
metallic Pt is deposited [33]. It has been demonstrated that the
Pt ABC process allows for the deposition on various temp-
erature-sensitive materials such as polymers, paper, and tex-
tile [33], and it was used to deposit Pt nanoparticles in the
fabrication of transparent counter electrodes for flexible dye-
sensitized solar cells [35].

4. Characterization of Pd and Pt nanoparticles

4.1. Metal ALD nucleation

Figure 5 shows TEM images of Al2O3-coated TEM windows
after various number of Pd ALD cycles using the AB process.
The figure illustrates that the nucleation involves different
stages. The majority of the Pd nanoparticles are formed
during the first 100 cycles, and these nanoparticles subse-
quently grow in size with increasing number of ALD cycles.
After ∼500 cycles, the particles start to merge into larger
entities, which is described as particle coalescence. The par-
ticles further grow in size, and after ∼1000 cycles, the voids
in between the nanoparticles are almost filled. The difference
in gray scale between the nanoparticles in the TEM images is
due to diffraction contrast, demonstrating the fact that the
deposited nanoparticles are crystalline.

Table 1. Overview of the Pd and Pt ALD processes studied in this work. More details about the processes can be found in the references.

Process Precursor
Co-reac-
tant I

Co-reac-
tant II

Substrate temper-
ature (°C)

Film growth rate
(nm/cycle)

Impurity level
(at.%) Reference

Pd AB Pd(hfac)2 H2 plasma — 100 0.013±0.005 14±3 at.% C [29]
Pd ABC Pd(hfac)2 H2 plasma O2 plasma 100 0.017±0.005 <2 at.% C [29]
Pt AB MeCpPtMe3 O2 gas — 300 0.045±0.004 <5 at.% C [34]
Pt ABC MeCpPtMe3 O2 plasma H2 plasma RT 0.040±0.004 <1 at.% C [33]
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The formation of nanoparticles during the AB and ABC
processes for Pd ALD are compared in figure 6. This figure
shows that both ALD processes result in highly dispersed
nanoparticles on the alumina substrate with a nanoparticle
size increasing with the number of ALD cycles. The major
difference between the two processes is that the nanoparticles
grow faster when using the ABC process. Furthermore, the
nanoparticles appear to be grouped together for the AB pro-
cess, while the ABC process gives a more uniform distribu-
tion of the nanoparticles over the surface.

Figure 7 depicts a similar comparison for the AB and
ABC processes developed for Pt ALD. The images suggest

that roughly the same amount of Pt is deposited per cycle
during the nucleation of the two different processes. How-
ever, there is a significant difference in the size distribution of
the deposited nanoparticles. For example, 100 cycles of the
ABC process results in nanoparticles of ∼5 nm with a narrow
size distribution, while 100 cycles of the AB process gives Pt
nanoparticles with a range of different sizes.

4.2. Particle size and density

To gain more insight into how Pd and Pt nanoparticles can be
deposited with control of the nanoparticle size, the images

Figure 5. Bright field transmission electron microscopy (BF-TEM) images of Al2O3 surfaces after various numbers of ALD cycles using the
Pd AB process. The substrates used were Si3N4 TEM windows covered with 3 nm Al2O3 prepared by ALD.
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presented in figures 6 and 7 were analyzed in terms of the
particle density and particle size distribution. Figure 8 pre-
sents the particle size distributions of the four processes as a
function of the number of ALD cycles. The nucleation of all
the processes results in nano-sized particles, with sizes rele-
vant for applications in heterogeneous catalysis. Both Pd
ALD processes give a unimodal and very narrow size

distribution that shifts to larger diameters as a function of the
number of cycles. Pd nanoparticle size can therefore relatively
easily and precisly be tuned from 1 to 5 nm by simply
selecting the appropriate number of ALD cycles. Further-
more, figure 8(a) shows that the particle size distribution of
process AB broadens after >200 cycles due to particle
coalescence.

Figure 6. High angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) images of Al2O3 surfaces after 50,
100, 150 and 200 cycles of (a) the Pd AB process and (b) the Pd ABC process. The substrates used were Si3N4 TEM windows covered with
3 nm Al2O3 prepared by ALD.

Figure 7.High angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) images of Al2O3 surfaces after 50/60,
100, 150 and 200/300 cycles of (a) the Pt AB process and (b) the Pt ABC process. The substrates used were Si3N4 TEM windows covered
with 3 nm Al2O3 prepared by ALD.

7
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The Pt AB process shows a very different trend as its
nanoparticle size distribution broadens with the number of
ALD cycles. From a detailed look at the images depicted in
figure 7(a) it can be deduced that the broadening of the par-
ticle size distribution is related to the continuous formation of
new nanoparticles throughout the nucleation stage. On the
other hand, the Pt ABC process is characterized by an evol-
ution of the particle size distribution similar to those of the Pd
processes.

Figure 9(a) shows the average nanoparticle size as a
function of the number of ALD cycles. From the graph it can
be deduced that the average diameter of the Pd nanoparticles
increases with a rate of ∼0.014 nm/cycle for the AB process
and with a rate of ∼0.022 nm/cycle for the ABC process,
corresponding to radial growth rates of ∼0.007 nm/cycle and
∼0.011 respectively. These values deviate from the growth
rates for film growth (0.0174±0.005 and 0.0134±
0.005 nm/cycle, respectively [29]). The radial growth rates of

Figure 8. Particle size distibution for the (a) Pd AB proces at 100 °C, (b) Pd ABC process at 100 °C, (c) Pt AB process at 300 °C, and (d) Pt
ABC process at room temperature.

Figure 9. Evolution of the (a) average nanoparticle size and (b) nanoparticle density for the four studied processes (of table 1).

8
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both Pt processes are with ∼0.04 nm/cycle comparable to the
growth rate for Pt films (0.045 nm/cycle).

In figure 9(b), the average nanoparticle density as a
function of the number of ALD cycles is shown for all four
processes. The graph reveals that the first stage in which
nanoparticles are formed (and the nanoparticle density
increases) takes longer for the Pd AB process (200 cycles) as
compared to both Pt ALD processes (∼100 cycles for both
processes). After the initial stage of nanoparticle formation,
the nanoparticle density decreases due to nanoparticle coa-
lescence. The maximum particle density that has been
obtained is ∼2×1012 nanoparticles/cm2. This is a typical
value for the number density of metal particles on an oxide
surface (1012–1013 nanoparticles/cm2), which has been
reported to be ruled by the balance between the rates of
surface diffusion and particle ripening [36]. The saturated
nanoparticle density is obtained when an atom can diffuse to
an existing nanoparticle faster than it finds other individual
atoms for the nucleation of a new particle.

5. Discussion of the underlying mechanisms

In this part, the underlying mechanisms of the formation of Pd
and Pt nanoparticles are discussed with the results presented
in the previous section serving as the starting point.
Section 5.1 explains why metal ALD nucleation start with
island growth instead of layer-by-layer growth, and
section 5.2 describes the importance of catalytic surface
reactions during the nucleation stage. In section 5.3, the dif-
ferences between the particle size distributions presented in
figure 8 are discussed. Finally, in section 5.4, the results for
the Pt AB process are put in perspective by comparing them
to results reported in the literature, which reveals some
important insights into the saturation of the surface reactions
during the nucleation stage.

5.1. Nanoparticle formation during metal ALD nucleation

Evidently, for the synthesis of metallic nanoparticles by ALD
it is important that the initial surface reactions lead to nano-
particles instead of a closed film. The formation of nano-
particles relies on the interplay between the surface energy,
diffusion processes, and ALD surface chemistry. These three
aspects are discussed in more details below.

Because the deposition of a film starts with the deposition
of single atoms, the thermodynamics and kinetics of the
nucleation of this film has to be considered. Nucleation
through island growth, often referred to as Volmer–Weber
growth, is typical for the deposition of metals with a high
cohesive energy. The formation of 3D islands increases the
number of metal–metal bonds at the expense of weak metal-
surface bonds, which lowers the total energy [36, 37].

These thermodynamic considerations suggests that
nanoparticles in which atoms are closely packed in 3D islands
should form on most surfaces. However, the principle of
energy minimization is not sufficient to describe the forma-
tion of nanoparticles during ALD, and also the diffusion of

deposited atoms over the surface has to be taken into account.
The atoms deposited during the first few cycles are likely
randomly distributed over the surface. The fate of these atoms
is determined by the adatom diffusion rate over the surface,
and the distance between the atoms, as discussed in more
detail in section 5.3.

Also the surface chemistry of the ALD process favors the
formation of nanoparticles instead of a closed film. As dis-
cussed in more detail below, some of the surface reactions
contributing to the deposition, are catalyzed by the nano-
particles once they have formed. This suggests that typically
more atoms are deposited at or in proximity of metallic
nanoparticles, which leads to nanoparticle growth instead of
atoms evenly distributed over the surface.

5.2. Catalytic surface reactions during nanoparticle growth

For Pt ALD, the reaction mechanism of film growth is
strongly dependent on catalytic surface reactions [38]. During
the MeCpPtMe3 pulse of the ALD process, the ligands of the
MeCpPtMe3 precursor undergo dehydrogenation reactions on
the catalytic Pt surface, [20] which leads to a surface covered
with carbonaceous species [39]. In addition, the Pt surface
catalyzes dissociative chemisorption of O2 during the O2

pulse [18, 19]. The O atoms generated in these catalytic
reactions subsequently play an important role in the com-
bustion of the carbonaceous species originating from the
precursor ligands.

Although not studied in detail, it can be expected that the
reaction mechanisms of the Pd processes are governed by
hfac ligand elimination by H atoms. These H atoms are
supplied by the H2 plasma, or are formed as a result of dis-
sociative chemisorption of H2 on catalytic Pd. A Pd surface
also likely catalyzes the decomposition of hfac ligands into
various species, similar to what has been reported for example
for Cu(hfac)2 and hfacH on a Pt(111) surface [40].

The surface reactions during nucleation are fundamen-
tally different from the surface reactions during film growth
because both the deposited material and the substrate surface
play a role in the mechanism. The nanoparticles formed
during the nucleation of metal ALD can catalyze some of the
surface reactions of the ALD process. Since the catalytic
activity of nanoparticles is strongly dependent on the particle
size [1], it is expected that the mechanism changes when the
nanoparticles grow in size. Initially, no particles are present
and the interaction of the precursors with the substrate surface
rules the growth mechanism. Later on, when nanoparticles are
formed that are sufficiently large to catalyze certain surface
reactions, the reactions mechanism becomes more complex.
To describe this stage, it is illustrative to differentiate between
the surface reactions that occur on a nanoparticle, and those
that occur on the substrate surface. Precursor adsorption at a
nanoparticle, or at its periphery, likely results in surface
reactions similar to the surface reactions of film growth,
which includes for Pt ALD dehydrogenation of the precursor
ligands and dissociative chemisorption of O2. On the sub-
strate surface in between the nanoparticles, the surface reac-
tions may proceed however with slower kinetics. Especially
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for the thermal Pt AB process, the precursor molecules
adsorbed on the substrate surface may not react completely
during the subsequent O2 pulse due to the absence of reactive
O atoms on this surface.

5.3. Particle size distributions

The difference between the relatively broad particle size
distribution of the Pt AB process on one hand, and the narrow
distributions of the three other processes on the other hand,
suggests that the deposition conditions have a large effect on
the mechanism of nucleation. A comparable broad particle
size distribution for the Pt AB process was recently also
reported from grazing incidence small angle x-ray scattering
analysis [41]. The broadening of the particle size distribution
suggests that new nanoparticles are formed throughout the
entire nucleation stage of the Pt AB process, while this
apparently occurs neither for the two Pd processes nor for the
Pt ABC process. These differences are further illustrated in
the high-resolution TEM images shown in figure 10.
Figure 10(a) reveals that for the Pt AB process, small nano-
particles of a few atoms in size and even single atoms are
present after 50 ALD cycles, revealing that new nanoparticles
are still being formed at this stage of the nucleation. In con-
trast, a similar image for the Pd AB process (figure 10(b))
does only show a few large particles and no small, newly
formed Pd nanoparticles.

As described in section 4.1, the nucleation can be divided
in three stages: (i) particle formation, (ii) particle growth, and
(iii) particle coalescence. To achieve nanoparticle synthesis
with a narrow particle size distribution, it is important to
terminate the ALD cycles before the onset of nanoparticle
coalescence, because the coalescence stage is characterized
by broadening of the size distribution (see figure 8(a)) and a
decrease of the nanoparticle density (figure 9(b)). The atoms
deposited during the first few cycles, at the start of the first
stage, are randomly distributed over the surface, and form
nanoparticles as described in section 5.1. From figures 8 and
9(b), it can be concluded that all the studied processes lead to

a high density of small nanoparticles (1–2×1012 cm−2)
during the first 60 cycles. The differences in the particle size
distribution are subsequently caused during the second stage
of ‘particle growth’.

As discussed in the section 5.2, the deposition of atoms
during the second stage may occur at existing nanoparticles,
or on the substrate surface in between the nanoparticles. The
atoms deposited at a nanoparticle likely attach to that nano-
particle, resulting in a thermodynamically more stable larger
nanoparticle. However, the atoms deposited on the substrate
surface may have a larger influence on the evolution of the
particle size distribution. Depending on the diffusion coeffi-
cient D, an atom moves on average a distance of 2√(Dt) over
the surface on the timescale of an ALD cycle t. In case the
distance between the existing nanoparticles is smaller than the
average diffusion length of the deposited atoms, basically no
new nanoparticles form since the deposited atoms are able to
reach and attach to an existing nanoparticle. In this scenario,
all the nanoparticles grow virtually with the same rate,
yielding a narrow particle size distribution. On the other hand,
when the diffusion length is shorter than the distance between
the existing nanoparticles, new nanoparticles are formed in
between existing nanoparticles, and this leads to a broadening
of the nanoparticle size distribution.

The data suggests that there is a difference between the
atom diffusion lengths for the processes studied, i.e. atoms
deposited during the Pt AB process seem to be able to diffuse
a shorter distance as compared to those deposited using the
other processes. There are two ruling parameters for the atom
diffusion length: (i) the substrate temperature (the diffusion
coefficient D is exponentially dependent on the substrate
temperature.), and (ii) the presence of certain surface species
limiting the diffusion of deposited atoms. The Pt ABC pro-
cess was carried out at room temperature, while the Pt AB
process was performed at 300 °C. Purely based on the sub-
strate temperature one can expect a larger diffusion length for
the Pt AB process, which is not consistent with the observed
broadening of the nanoparticle distribution for that process.
Additional experiments for the Pt ABC process at an elevated

Figure 10. High-resolution HAADF-STEM images for the AB processes of (a) Pt, and (b) Pd. 50 ALD cycles were carried out in both cases.
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temperature of 100 °C and 150 °C revealed that the size dis-
tribution of particles deposited with this process is not
dependent on the substrate temperature. Therefore a differ-
ence in surface species limiting the diffusion is likely the
explanation for the observations. For the thermal Pt AB
process it is likely that the combustion of precursor ligands
only occurs at or nearby the Pt nanoparticles where dis-
sociative chemisorption of O2 takes place, and that a large
part of the substrate surface remains covered with precursor
ligands. These ligands may poison the surface and limit the
diffusion of Pt atoms over the surface. Incomplete removal of
hydrocarbons species from an oxide surface coated with Pt
nanoparticles by O2 gas is consistent with catalysis literature
about the regeneration of catalysts after coke formation. It has
been shown that an oxidation treatment of O2 gas exposure at
300 °C results in the removal of coke at the Pt nanoparticles,
while the coke remains present in between the nanoparticles
at the alumina support [42].

For the plasma-assisted Pt ABC process it can be
expected that the ligands of the adsorbed precursor molecules
are completely combusted at the end of every cycle due to the
use of a reactive O2 plasma. Similarly, reactive H plasma
radicals can react to adsorbed hfac ligands during the Pd AB
and ABC processes, thereby eliminating the hfac ligands from
the surface. To test this hypothesis about the presence of
ligands limiting the diffusion, it would be interesting to
investigate the evolution of surface species during the
nucleation of Pt ALD in future studies, using for example
in situ infrared spectroscopy or x-ray photoelectron
spectroscopy.

5.4. Saturation of the surface reactions during nucleation stage

When comparing the literature reports about the evolution of
nanoparticle size for Pt thermal ALD (Pt AB process), it can
be concluded that there is a large spread in the results. Table 2
gives an overview of the results reported in several studies.

The Pt AB process discussed in this paper yields on average
Pt nanoparticles with a diameter of ∼2 nm after 60 cycles,
which is comparable to the results reported in some other
studies [41, 43]. However, in several other studies, nano-
particles of >1 nm were already observed after 1–3 ALD
cycles [10, 28, 44, 45]. A detailed comparison reveals that the
most important difference between these studies is the amount
of precursor dosed into the reactor per cycle. In the present
study, as well as in several other studies, the precursor dosing
time was chosen based on saturation curves determined for
the precursor half-reaction [41, 43]. It should be noted that
saturation curves for the precursor half-reaction are typically
measured by depositing films while varying the precursor
dosing time, and therefore, they predominantly reflect the
saturation of the surface reactions during steady-state film
growth. A higher precursor dose might be required to saturate
the surface reactions during the nucleation stage. The studies
in which >1 nm nanoparticles are obtained after only a few
ALD cycles typically involve deposition on powders or other
large-surface-area supports [10, 44]. This requires the use of
prolonged precursor dosing times or trapping the precursor in
the reactor for some time to achieve ALD growth on the entire
3D surface area.

At first sight, deposition of nanoparticles with a diameter
of ∼1 nm after only a few ALD cycles seems to indicate a
contribution of CVD growth when considering that the
growth rate for steady-state film growth is as low as
0.045 nm/cycle. However, it is important to realize that the
surface reactions of Pt film growth are fundamentally differ-
ent from the surface reactions occurring during nucleation;
especially because complex processes such as the diffusion of
deposited atoms, nanoparticle formation, and particle size-
dependent catalytic surface reactions are playing a role during
the nucleation stage as discussed above. Therefore, the sur-
face reactions of Pt ALD nucleation might not necessarily be
in saturation when a precursor dosing time is selected based
on a saturation curve for steady-state film growth. Even for

Table 2. Overview of the results reported by various authors in the literature about the size of Pt nanoparticles synthesized using the thermal
ALD process (AB process). The table is not exhaustive. The values for the radial growth rates are calculated by dividing the diameter of the
nanoparticles (column 2) by the number of cycles (column 3). A dash means ‘not reported’.

Substrate Cycles
Diameter
(nm)

Radial growth rate
(nm/cycle)

Precursor temper-
ature (°C)

Precursor dosing
time (s) References

Flat substrates

Al2O3 60 ∼2 0.017 30 3 This study
Si 60 ∼6 0.051 50 2 [41]
SrTiO3 (001) 10 2.2 0.11 40 10 [43]

Nanostructured surfaces

Carbon aerogel 10 4.2 0.21 65 1200 [8]
SrTiO3 nanocubes 1 1.7 0.85 50 200 [10]
SrTiO3 nanocubes 2 1.0 0.25 50 200 [44]
Multi-walled CNTs 1 1.3 0.65 80 600 [45]
Mesoporous SiO2 gel 3 1.2 0.20 — — [46]
XC72R carbon
support

5 6.7 0.67 40 2400 [47]
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extended precursor dosing steps, it has not been demonstrated
whether they lead to saturated surface reactions on the initial
substrate surface. The use of conditions that may not be
completely in saturation can have a large influence on the
uniformity of nanoparticle deposition on large-surface-area
supports, as illustrated by the result of figure 2. This indicates
that a better understanding of the saturation of the surface
reactions during the nucleation stage of metal ALD is
required to achieve controlled nanoparticle synthesis on large-
surface-area supports.

6. Conclusions

ALD offers several opportunities for the synthesis of high-
performance nanocatalysts. It potentially enables the synth-
esis of nanoparticles with control of the particle size and with
a high uniformity on large-surface-area supports. By com-
bining different ALD processes, alloyed or core/shell nano-
particles can also be prepared, with enhanced catalyst activity
and selectivity. Moreover, encapsulation of the nanoparticles
in a metal-oxide film has been shown to reduce catalyst
deactivation.

TEM analysis demonstrated that the particle size of Pd
and Pt nanoparticles synthesized by ALD can be controlled
accurately in the range of sizes relevant for catalysis appli-
cations by choosing the number of ALD cycles. It was found,
however, that the particle size distribution strongly depends
on the processing conditions. A narrow particle size dis-
tribution that shifts to larger sizes with increasing number of
cycles was established for the three Pd and Pt plasma-assisted
ALD processes, while significant broadening of the particle
size distribution was observed for the Pt thermal ALD pro-
cess. The differences between these processes can be
explained in terms of the diffusion length of atoms deposited
on the substrate surface. During thermal ALD of Pt it is likely
that not all ligands are removed from the surface every cycle,
which limits the diffusion of deposited atoms.

The surface reactions occurring during the start of the
nucleation stage are very different from those playing a role
during film growth, due to the absence of a catalytic surface.
As a result, the dosing time for achieving saturation of the
surface reactions may substantially deviate from the dosing
time required for saturated film growth. These considerations
indicate that a better understanding of the mechanisms of
metal ALD nucleation is essential to further improve the
capabilities of ALD to uniformly deposit nanoparticles with
control of the particle size and composition on large-surface-
area supports.
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