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Preface

This thesis deals with atomic layer deposition (ALD) of noble metals and with
the development of a novel process for the synthesis of bimetallic core/shell
nanoparticles entirely by ALD. The work was carried out in the research group
“Plasma & Materials Processing” (PMP) at the Department of Applied Physics of
the Eindhoven University of Technology. The group has extensive and valuable
expertise in the field of ALD, including the areas of plasma-assisted ALD and
ALD of noble metals. The research project was part of a Marie Curie (MC) Initial
Training Network (ITN) and has received funding from the European
Community's Seventh Framework Programme (FP7/2007-2013). The name of
this MC program is ENHANCE, which stands for “European Research Training
Network of New Materials: Innovative Concepts for their Fabrication,
Integration and Characterisation”.

Matthieu Weber
Eindhoven, April 2014
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Chapter 1

1.1 Noble metals as catalysts

The metals considered as noble metals are silver, gold, and the platinum group
metals ruthenium, rhodium, palladium, osmium, iridium and platinum. They are
transition metals and are called “noble” because of their chemical stability. They
have a positive standard reduction potential and most of them are highly re-
sistant to oxidation.! The noble metals typically present excellent electrical and
thermal conductivity."* Ruthenium and osmium have the hexagonal close packed
(hep) crystal structure while rhodium, iridium, palladium, platinum, gold and
silver normally have the face-centered cubic (fcc) structure.™ Due to their scarci-
ty and high economic value, noble metals are also called precious metals.

Nanoparticles (NPs), i.e. particles with a diameter between 1 and 100 nm,
have a very high surface-to-volume ratio, which makes them more attractive to
use in catalysis when compared to bulk materials. NPs of noble metals have been
used in heterogeneous catalysis for more than 50 years,** and platinum and pal-
ladium are the most important noble metals for this purpose. They are typically
used as NPs supported on oxide or carbon substrates in a typical range of 0.02-
0.5 wt.% content.®® The intrinsic properties of noble metal NPs such as their cat-
alytic activity depend strongly on their size, but also on their composition, struc-
ture, and on the substrate (e.g. oxides, porous carbon) which supports them.
Thus, a continuing goal in catalysis research is to engineer the dimensions, the
composition and structure of noble metal NPs in order to precisely tune their
catalytic activity.

Precisely engineered NPs can be applied in real catalytic systems or serve
as model catalysts for fundamental studies. The most important application fields
of noble metals NPs are the chemical and oil-refining industries. They also find
applications in automotive converters, and there is an increasing use of these
metals for fuel cells applications as well.**"'* Micro fuel cells and micro reactors
are small devices (see Figure 1.1) which benefit from the use of NPs of noble
metals. Further miniaturization of these devices at the sub-micro or even at the
nanoscale would open prospects for many new applications.
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Figure 1.1. Picture of a micro fuel cell based on zirconium and platinum compounds. The
comparison of the fuel cell and a penny illustrates how small these devices are (taken and
adapted from Reference®). The inset at the upper left shows the basic operating principle
of a fuel cell (taken and adapted from Reference'). The catalyst typically consists of noble
metal NPs supported on carbon black.

Various conventional methods based on wet chemistry or vapor phase
deposition exist for the preparation of noble metal NPs. However, to implement
precisely engineered NPs in miniaturised devices by compatible processes, new
nanoengineering routes must be explored. Atomic layer deposition (ALD), a
well-established and scalable vapor phase technology for the deposition of thin
films, offers many opportunities for nanoengineering also beyond the field of
thin films. In the work described in this dissertation, this route was investigated
and exploited for the synthesis of noble metal NPs.

1.2 Atomic Layer Deposition

Atomic layer deposition (ALD) is a vapor phase deposition technique enabling
the synthesis of ultrathin films of inorganic materials, with a subnanometer
thickness control.’> ALD can be used to coat demanding 3D substrates with a
conformal and uniform layer of high quality material, a capability unique
amongst thin film deposition techniques. Consequently, ALD-grown materials
have a wide range of applications, from displays to microelectronics, and from
nanocatalysts to photovoltaics.'>!® ALD research began in the 1960s and 1970s in
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the former USSR and Finland, and the technique has been patented by T. Suntola
in 1977."7 In the mid-1990s, the semiconductor industry became interested in
ALD. This industry is the key-driver of the ALD field since then.'® It is noted that
there was already interest in using ALD for catalysis applications in the mid-
1990s.1920

ALD relies on the sequential use of self-terminating gas-solid reactions
which sequentially take place in a cycle-wise fashion. A typical ALD cycle con-
sists of alternate pulses of precursor and co-reactant gasses in the reactor cham-
ber, separated by purge or pump steps. A precursor is typically an inorganic co-
ordination compound, i.e., a metal center surrounded by chemical functional
groups called ligands. To understand the concepts of the self-limiting surface
reactions and how they result in uniform and conformal films, ALD of AL,O; is
discussed below. This process based on trimethylaluminum (TMA, AI(CHs)s) as
precursor and water as co-reactant is chosen as an example because it can be
considered as a typical and “close-to-ideal” ALD process.”! Figure 1.2 is a sche-
matic representation of an ALD cycle of AL,Os from a TMA/H,O process.

@0@ @ D
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Figure 1.2. Schematic illustration of a typical ALD cycle of ALOs based on a TMA
(AI(CH3)s) and H,O process. The cycle is based on the alternate exposure of a surface to
the precursor (TMA) and (c) the co-reactant (H,O) gases separated by pump/purge steps.
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An oxide surface is considered as a starting surface for the ALD process.
Such surfaces are typically covered with hydroxyl (OH) surface groups. The first
step in this ALD process is the exposure of the substrate to AI(CHs3); precursor
molecules that adsorb at the surface in a reaction with the OH groups. The reac-
tions between the hydroxyl groups and the TMA precursor molecules taking
place result in the formation of surface O-Al bonds and the release of CH, as a
reaction product. The precursor molecules are volatile and reactive towards the
surface groups, thus these reactions take place at the whole substrate surface,
independently of the substrate geometry. Ideally, the surface becomes entirely
terminated with ~-CHj; groups, which hinder the adsorption of more precursor
molecules and ensure the self-limiting nature of this first half-cycle. Subsequent-
ly, the reactor chamber is purged or pumped in order to remove the excess of
precursor and the reaction products. The second half-cycle begins with the in-
troduction of the co-reactant, in this case H,O. The —~CH; terminated surface
reacts with the H,O molecules. This results in the formation of new hydroxyl
groups at the surface and CHj as a reaction product. This reaction removes all -
CH; molecules and is self-limiting as well. The last step of the process is again a
purge or pumping step to remove the excess of water and reaction products.
These four steps are referred to as an “ALD cycle”, and result in the deposition of
a submonolayer of ALO;, typically of a thickness of 0.1 nm. The surface is again
terminated with -OH groups after one full cycle, and the process can therefore be
repeated. This can be done until the desired thickness is obtained. The details of
this ALD of AL,Os have been discussed extensively by Puurunen et al.?!

A large set of technologically important materials can be prepared by
ALD.”* The most common materials deposited by this technique are binary com-
pounds such as metal oxides, but more advanced ALD processes allow for the
preparation of single-element films as well as ternary or quaternary compounds.
Current metal precursors are almost exclusively inorganic coordination com-
pounds. As the interactions between precursor and co-reactant molecules can be
complex, the choice of the co-reactant is of great importance. The co-reactant
typically involves small molecules, as a gas or a vapor (e.g. H,O), and the surface
reactions are thermally driven. The method is therefore also referred as thermal
ALD. In plasma-assisted ALD, the surface is exposed to species generated by a
plasma during the co-reactant step. The high reactivity of the plasma species typ-
ically allows for more freedom in processing conditions and lower deposition
temperatures. Evidently, each precursor or co-reactant in an ALD cycle has a
profound impact on the chemistry of the process.

Many ALD surface chemistries can be applied, depending on the material
to be deposited and the process used. The reaction mechanisms of ALD of Pt or
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Pd are quite different from the “close-to-ideal” Al,Os case. One difference is that
in metal ALD, the deposition of a metallic material containing one single ele-
ment needs to be achieved. This can be accomplished if the co-reactant enables
the removal of the organic ligands (of the adsorbed metallic precursor) without
being incorporated in the film. For this purpose, the chemistries applied can for
example be based on combustion chemistry, hydrogen reduction or fluorosilane
elimination. The precise understanding of the underlying surface reactions and
chemical mechanisms taking place during ALD is challenging but crucial for the
optimization of the process. For more details on the reaction mechanisms of no-
ble metal ALD processes, the reader is referred to references*** and to the Chap-
ter 4 of this thesis.

In most ALD processes, like those of metal oxides such as ALOs, the
growth of a uniform film on a substrate starts already after the first few cycles. If
the appropriate surface species are present at the starting surface for the precur-
sors to react with, the nucleation of the film and subsequent continuous growth
is rather straightforward. In the ALD of noble metals, the start of the film growth
on certain substrates is more difficult. In general, a nucleation delay is observed
before the formation of a film. Because of the difference in surface energies be-
tween the metal and the substrate, ALD of noble metals usually initiates with the
formation of isolated islands at the surface.?® This lack of uniform nucleation can
be exploited to produce supported NPs. These NPs grow with increasing number
of cycles, coalesce and finally form a closed film on which the ALD growth con-
tinues at a constant rate. Figure 1.3 illustrates this process for Pt ALD.
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Figure 1.3. Thickness as a function of the number of ALD cycles as measured by in situ
spectroscopic ellipsometry (SE). The bright field transmission electron microscopy (TEM)
images in the figure illustrate that Pt ALD nucleation evolves from island growth, via is-
land coalescence, to a continuous film after closure. Taken from Reference.”
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The design of an experimental reactor is relatively easy due to the self-
limiting nature of ALD. A typical experimental ALD reactor basically consists of
a (heated) vessel to which a pumping system and a gas dosing system are con-
nected through gate valves. A plasma source can be connected to the chamber as
well. A schematic overview of the home-built ALD reactor used in this work is
given in Figure 1.4.

spectroscopic

39 plasma
source

e
L1 S

ellipsometry
% substrate —
( 25-500 °C) Ar
| | <1 precursor
turbo
pump

Figure 1.4. Schematic representation of the thermal and plasma ALD reactor used in this
work. The main components - the plasma source, pump, and precursor dosing system - as
well as the in-situ spectroscopic ellipsometry (used for process characterization) are indi-
cated. Ar is used as a carrier gas for the precursor delivery.

1.3  Aim of the research and research project

The research project described in this dissertation is entitled “Atomic Layer Dep-
osition of Noble Metal Nanoparticles”. The main overall aim of this doctoral work
is to explore the nanoengineering capabilities of ALD in order to achieve the
controlled synthesis of high purity Pd and Pt NPs with tuneable properties. The
in-depth understanding of the reaction mechanisms taking place during noble
metal ALD nucleation and growth represents an equally important aim of this
project. As mentioned earlier, NPs prepared by ALD may find their applications
in the deposition of model catalysts, and could as well play an important role in
the miniaturization of emerging devices such as micro fuel cells or microreactors
in general.

ALD is explored as a new route for the preparation of noble metal NPs.
The physical and chemical processes taking place during ALD under steady-state
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growth conditions and during the nucleation phase are different. In this research
project, the noble metals Pd and Pt have been deposited by ALD on ALOs sub-
strates. Although the formation of NPs during the nucleation stage of ALD was
reported several times by others, the NPs properties were often not described in
detail and appeared challenging to control. Therefore the following research
questions were addressed in this work: Which opportunities does ALD offer for the
preparation of noble metal NPs? What are the properties of supported Pd and Pt
NPs prepared by ALD in terms of size distribution and surface density? What are
the mechanisms behind the formation of NPs? To obtain the properties of the NPs,
TEM studies were carried out. The physical and chemical mechanisms underly-
ing the formation of Pd and Pt NPs prepared by ALD were illustrated on the ba-
sis of these TEM studies, but also knowledge from surface science and catalysis
reports was employed. These new insights into the mechanisms taking place dur-
ing Pd and Pt ALD nucleation are also valuable for the understanding of the
ALD nucleation stage of other platinum group metals.

For the development of pure NPs of noble metals, it is essential to develop
robust ALD processes. For this purpose, a profound understanding of the chem-
istry taking place during ALD is required, and the material properties resulting
from the process have to fit the requirements of the application. The reaction
mechanisms taking place during Pt ALD process have already been investigated
in detail by our group and by others.®®? Therefore, in this work, the research
questions were then focused on Pd ALD: Which surface reactions occur on a Pd
surface during Pd ALD? How can the process be tuned to allow for the preparation
of a high purity material? What are the nucleation mechanisms of Pd ALD and
does the process actually enable the preparation of supported NPs? To what extent
do the material properties depend on the process temperature? To develop and op-
timize this process, the material properties of the Pd thin films resulting from the
process were determined, and the reaction mechanisms taking place during Pd
ALD were investigated. In addition, the formation of NPs during the nucleation
stage and the temperature dependence of the process were explored for this Pd
ALD process as well.

From detailed understanding of the chemistry of noble metal ALD pro-
cesses and their nucleation mechanisms an idea for an innovative approach for
the synthesis of controllable and tuneable bimetallic core/shell structured NPs
was developed. Consequently, the work focused on the following research ques-
tions: Is it possible to synthesize bimetallic core/shell structured NPs entirely by
ALD, and can the core and the shell dimensions be tailored at the subnanoscale? To
synthesize bimetallic and core/shell NPs entirely by ALD, an innovative process
was developed. Its applicability to different metals and its flexibility for the
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core/shell arrangement was investigated as well. The requirements for the prepa-
ration of core/shell NPs using exclusively ALD were identified as well.

The research project was carried out in the Plasma and Materials Pro-
cessing (PMP) group at the Eindhoven University of Technology (TU/e) in the
Netherlands. The facilities used for this project include the PMP laboratory (also
known as the “Ries van de Sande laboratory”), the “Nanolab@TUe” cleanroom
facility at the Department of Applied Physics (TU/e), and the Philips Innovation
Services laboratory (TEM facility, High Tech Campus, Eindhoven). The experi-
ence and expertise on ALD processing present in the PMP group was very valua-
ble for the research carried out in this doctoral work. The group has a back-
ground in the science and technology of plasma and materials processing, a re-
search area which encompasses the fields of plasma science, surface science, and
materials science. In the last decade, the group has obtained extensive and valua-
ble expertise in the field of ALD, including the areas of plasma-assisted ALD and
ALD of noble metals.

The project was part of a Marie Curie (MC) Initial Training Network
(ITN) and has received funding from the European Community's Seventh
Framework Programme (FP7/2007-2013) under grant agreement number EN-
HANCE-238409. The name of this MC program is ENHANCE, which stands for
“European Research Training Network of New Materials: Innovative Concepts
for their Fabrication, Integration and Characterisation”. This scientific research
programme is mainly focused on the multi-disciplinary field of thin film vapor
deposition process technologies of new materials.

1.4 Outline of thesis

To address the aforementioned research questions, ALD of noble metal NPs will
be discussed in Chapters 2 to 6. Part of these individual chapters have been or
will be submitted for publication as separate articles in peer-reviewed scientific
journals. The chapters are not ordered chronologically and there is some overlap
in contents between separate chapters to make them readable independently.
Chapter 7 presents the general conclusions and an outlook to future studies. The
chapters describing the outcome of this project can be separated in the four next
sections.

Status of ALD as a route for the preparation of nanocatalysts: The prep-
aration of noble metal NPs by ALD represents a promising new route, which is
extensively evaluated in Chapter 2. The basics of heterogeneous catalysis and the
required properties of NPs are introduced. Then, the different synthesis (chemi-
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cal and gas phase) techniques of NPs are presented. The third part of this survey
presents an overview of the achievements so far with respect to the preparation
of noble metal NPs carried out by ALD.

Characterization of the NPs prepared by ALD: Chapter 3 aims to give
experimental details of our Pd and Pt ALD processes to the reader, and describes
the main physical properties of Pd and Pt NPs supported on ALO; and how these
properties were extracted from experiments. The NPs were imaged using TEM,
and the basics of this characterization technique are also given. Chapter 3 aims
also to present and discuss the main processes taking place during metal ALD
nucleation, such as island growth and surface diffusion mechanisms.

Development of an ALD process for high purity Pd: Chapter 4 deals
with the development of a robust ALD process enabling the synthesis of pure Pd
NPs and thin films. This process allows the deposition of high quality Pd material
at low temperature and our studies bring an in-depth understanding of the reac-
tion mechanisms taking place during Pd ALD. This study also reveals the im-
portance of the surface reactions for the final material properties. This work has
been published in The Journal of Physical Chemistry C, 2014, 118 (16), pp 8702
8711.

Synthesis of tuneable bimetallic core/shell NPs: Chapter 5 deals with the
development of a proof-of-concept method enabling the synthesis of bimetallic
core/shell structured NPs entirely by ALD. This work has been published in
Chemistry of Materials, 2012, 24 (15), pp 2973-2977. Chapter 6 extends the un-
derstanding of the shell growth processes and demonstrates the possibilities for
subnanotailoring of both the core and the shell dimensions. This chapter also
gives the conditions for the preparation of core/shell NPs entirely by ALD. This
work will be submitted for publication in Chemistry of Materials.
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Chapter 2

2.1 Introduction

Noble metal nanoparticles (NPs) are focus of interest in research because they
have a wide range of potential applications, such as magnetic recording,’
biomedicine,’ plasmonics,” water purification® and heterogeneous catalysis.”™
Heterogeneous catalysis is by far the main application of noble metal NPs. In
this case, the NPs are used as catalysts for numerous applications, from oil
refinery to fuel cells, and from gas sensing to automobile catalytic converters.
Heterogeneous catalysis, which enhances chemical reactions between species in
different phases, is in fact one of the most important technologies existing in our
modern society. Approximately 90% of all chemicals or materials are produced
using catalysis at one stage or another. Therefore much of the food we eat, the
medicine we take, the clothes we wear, the fuels that transport us are produced
by heterogeneously catalysed reactions.

Many approaches exist for the preparation of noble metal NPs. A promising new
route for the synthesis of supported noble metal NPs is atomic layer deposition
(ALD). ALD, a scalable technique mainly used for the deposition of conformal
thin films, can in fact also be used as a robust method for the synthesis of NPs
that can be used as nanocatalysts. ALD allows for NPs synthesis with high
surface density on various challenging substrates. Furthermore, because the
material is deposited in a layer-by-layer fashion, this deposition technique
enables the deposition of NPs with a growth control at the atomic level.

This chapter is divided in three main parts. In the first part, an
introduction to heterogeneous catalysis will be given. The main properties of the
noble metal catalysts will be addressed, as well as the potential effects of their
size, shape and composition on their catalytic activity. Subsequently, the
deactivation processes that could occur to these supported NPs will be briefly
described. In a second part, the different “conventional” techniques used to
synthesize supported metallic NPs will be presented. The different routes
presented form a relatively extensive but non exhaustive list, which shows the
impressive diversity of possible ways to synthesize metal NPs. Furthermore, it
illustrates the efforts of the scientific community in this field of research. The
third part presents an overview of the depositions of noble metal NPs carried out
by ALD. Based on the literature data, an overview of the results already obtained
will be given, categorized by material. The achievements of the scientific
community in this young field are impressive, and some examples will be
described in order to show the potential of ALD.
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2.2 Basics of heterogeneous catalysts systems

2.2.1 Introduction to heterogeneous catalysts

A catalyst is a material that increases the rate of a chemical reaction without
being consumed in the process. In heterogeneous catalysis, the catalyst and
reactant are in different phases. Heterogeneous catalysts are commonly solid-
phase materials which enhance chemical reactions between gaseous or liquid
phase species. One famous and widespread application of catalysis is the
reduction of polluting car emissions (automobile catalytic converter) using solid
catalysts in contact with the gas phase exhaust.>®

In general, heterogeneous catalysts consist of three distinct and
complementary components: the support, the active component and the
promoter.

The most commonly used support materials are high melting point
oxides such as ALQOs;, SiO,, alumino-silicates (zeolites) and carbon based
materials.”’ In fact, an important factor affecting metal catalysts is their relative
lack of thermal stability, which results in materials having a lower specific
surface area due to sintering. Thus, the metallic “active” phase is “supported” on
a thermally strong support phase such as alumina or silica. All of these supports
can be produced with a very high surface area (up to 200 m* g"') and they can
maintain their morphology even in harsh conditions. The high surface area
support has three main functions. First, it ensures large catalyst surface area per
unit weight and unit volume of catalyst. It provides anchorage for the active
sites, and finally, it should prevent sintering of the active material. It has to be
noted that the support material can have a strong influence on certain catalytic
reactions, especially when considering nanometer sized particles. On these small
particles, spillover of material from support, charge transfer to/from the
substrate or edge effects can be very important.>® The catalytic behavior can be
optimized if the NPs are deposited on well-chosen support materials. Oxide
surfaces are often chosen for this purpose because the electronic states of clusters
or NPs (important for their catalytic properties) lie within the bandgap of many
oxide materials.!” The nature of the support also affects the nanocatalysts
activity. For example, Pd and Pt NPs become electron-deficient on acidic
supports and electron-excessive on alkaline supports. The electron deficiency of
NPs is explained by the withdrawal of their electron density by acidic centers of
the support. This effect typically increases the catalytic activity of the NPs. For
example, the enhanced electron-deficiency of Pd and Pt NPs enhances the
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hydrogenation of aromatic compounds, and the most active catalysts reside on
the surface of an acidic support such as alumina."!

The active component is the portion of the catalyst that mediates the
primary chemical reaction. The active component can be the support itself, or
another material (such as a noble metal) which is added to the support.

Promoters are the third component, and their addition often increases a
certain aspect of the catalyst system (e.g. activity, stability, etc.). For example, the
addition of rare earth metal to zeolite supports increases their thermal stability.®
The most common use of a promoter is to prevent the formation of coke
(residue of hydrocarbons) on both the support and the active component.’

In this thesis, the focus is on the synthesis of the active component (noble
metal), which will be referred with the general term catalyst. Metals represent
one main group of catalysts (active components), which are usually deposited
onto a support. Only the d-electron transition metals are able to perform
catalytic functions. These include Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Re, Os, Ir, Pt
and Au.”*"? Among them, the noble metals (Ru, Rh, Pd, Ag, Os, Ir, Pt and Au),
due to their “bond-breaking abilities”, are the most widely used in catalysis.
According to the Encyclopaedia Britannica Online, “the chemical behaviour of
these metals is paradoxical in that they are highly resistant to attack by most
chemical reagents yet, employed as catalysts, readily accelerate or control the
rate of many oxidation, reduction, and hydrogenation reactions.” These noble
metals used in catalysis can be classified by their bond-breaking abilities, as
shown in Figure 2.1. Note that each metal has the capacity to break specific
chemicals bonds.

Ruthenium Rhodium Palladium Silver
44 46 47
@&@ ©—0®—0| ©—0© ®—0)
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Figure 2.1. The precious metals used in catalysis can be "ranked" by their bond-breaking
abilities. The capacity of each metal to break specific chemical bonds is indicated. The
ability of clean gold to activate O-O bonds is a subject of current debate, particularly for
gold nanoparticles (taken from Reference').
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2.2.2 The catalytic cycle

The progress of heterogeneous catalytic reactions can be summarized into at
least five distinct steps (see Figure 2.2):

(i) Diffusion of the reactants to the catalyst,

(ii) Adsorption of reactants at the surface,

(iii) Diffusion, reaction, chemical changes at the surface,

(iv) Decomposition/reaction of the adsorbed complex,

(v) Desorption and diffusion of the reaction products from the catalyst.

diffusion of the reactants Desorption of reaction
to the catalyst (i) products (v)

adsorption (i)

Diffusion and reaction (iii, iv)

Figure 2.2. Main steps taking place during heterogeneous catalytic reactions. (taken from
Reference®)

For example, during the CO oxidation on a metal surface, the first step is
the diffusion of the O, and CO molecules through the gas phase to the metal
surface where the molecules may bond (adsorption). Surface diffusion and
dissociation of the molecule into atoms may then occur. In this example, O,
dissociates but not CO which bond strength is too high. The next step is a
surface reaction where oxygen atoms react with the CO to form the adsorbed
product CO,. This surface reaction step is commonly the rate determining step
in a catalytic reaction. Finally, the product desorption occurs, where the bond
between the surface and the product is broken, and the CO, enters the gas
phase.® The overall equation of this simple catalytic reaction is

CO+1% 0, CO,
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2.3  Noble metal catalyst properties

2.3.1 Catalyst properties

Three catalyst properties are essential: activity, selectivity and lifetime. Whereas
the activity represents the speed at which the chemical reaction takes place, the
selectivity reflects the ability of the catalyst to convert the reactant along one
specific chemical pathway. The catalyst lifetime is basically the time over which
the activity and selectivity are maintained.

2.3.1.1 Activity

The activity of a catalyst is obviously essential to be of any use.

Generally, the rate of a catalytic reaction, that demonstrates the activity of
the catalyst, can be expressed as the product of the rate coefficient and a
pressure/concentration dependent term (of the reactant). The activity of a
catalyst is related to the rate of consumption of reactant.

R=K.P,

K, apparent rate coefficient
P;, Partial pressure of reactant i

The rate coefficient K can typically be represented by the Arrhenius
equation:

K = Ae_Ea/kBT

A is a temperature-independent pre-exponential factor, ks the Boltzmann
constant, T is the temperature and E, is the activation energy of the catalytic
reaction.

Usually, for convenience, the term turnover frequency or turnover
number is used to define the activity of a catalyst. The turnover frequency (often
designated TOF) is simply the number of times n that the overall catalytic
reaction in question takes place per catalytic site/area per unit time for a fixed set
of reaction conditions (temperature, pressure or concentration, reactant ratio,
extent of reaction).

number of molecules of a given product

TOF = ( ) / time

number of active sites or active area
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As shown by the TOF, the activity of a catalyst can be defined as the rate
of consumption of reactant, but the activity to a precise product can also be
specified.

2.3.1.2 Selectivity

Selectivity reflects the catalyst ability to direct the conversion of the reactant(s)
along one specific pathway. Good selectivity is therefore very important for the
formation of the desired product and minimum production of undesired by-
products. Catalyst selectivity is also vital to reduce consumption of raw materials
and to prevent separation problems of products consisting of a mixture of
compounds.

2.3.1.3 Lifetime

The catalyst lifetime can be defined as the time over which the catalyst activity
and selectivity are maintained. Obviously this should be as long as possible in
most cases.'®!” Catalyst decay is actually unavoidable, at least after a certain time,
and a common industrial practice is to compensate for the decrease of activity by
increasing the reactor temperature. There are three main mechanisms for the
deactivation of a catalyst: poisoning, fouling and sintering (see section 2.3.3 for
more details).

2.3.2 Nanocatalysts morphology/composition effects

The origin of the NPs catalytic performance is linked to their physical and
chemical properties, which can depend on their morphology. Both the catalytic
activity and selectivity of noble metal NPs can be highly dependent not only on
the size and composition,'® but also on the shape and the nature of their surface
structures.'®'"22  Therefore, research has focused on improving the
nanocatalyst performance by controlling size, composition and shape.”>* The
exact relationship between the NPs morphology and their catalytic performance
is usually dependent on which surface reaction needs to be catalyzed.?

Catalytic reactions happen only on the catalyst surface. Therefore, the
catalyst surface should be as large as possible, but moreover, the surface must be
accessible to the reactants. A high density of NPs is typically the requirement,
and the number of NPs can be even further increased when deposited in 3D
structured high aspect ratio substrates. Generally, particles in the nanometer size
range have the highest activity per material volume, because of the higher
surface area exposed to the reactants (high surface-to-volume ratio).
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The optimal NPs size varies depending on the specific chemical reaction
one wants to catalyze.'®??® This is illustrated for Pd and Pt below.

Small Pd nanoparticles (0.2-0.4 nm) comprising 3-6 metal atoms are
virtually inactive in most reactions. The NP diameter below which the catalytic
activity starts to drop is dependent on the nature of the support, but is typically
around 1 nm." Some catalytic reactions proceed with high efficiency on small
NPs (1-3 nm) whereas larger NPs (5-10 nm) are required for other reactions.'!
Pd NPs with a size of 3 nm have a doubled specific catalytic activity in ethylene
hydrogenation compared to NPs of 1 nm. Chen et al. demonstrated that the
intrinsic TOF per surface Pd atom for benzyl alcohol conversion showed a
maximum at a NPs size of 3.6-4.3 nm?® (see Figure 2.3a). Stakheev et al. studied
the specific catalytic behavior of supported palladium nanoparticles in terms of
both the size of the particles and their interaction with the support, and they
found that a precise particle size range would be optimal for a specific chemical
reaction as illustrated in Figure 2.3b."

W

(a)
—Z s |
=
o
=
8]
£
E1F
S
= O
0 1 1 1 1 ’
2 4 6 8 10
(b) Mean size of Pd particles (nm)

1.0 011 0.011 Dispersity

Figure 2.3. (a) Dependence of the intrinsic turnover frequency on the mean
size of Pd particles in the aerobic oxidation of benzyl alcohol (taken from
Reference”) (b) Size ranges of Pd NPs optimal for different catalytic reactions
(taken from Reference').
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It is important to note that many reactions are considered structurally
insensitive and are only dependent on surface area, which means that larger NPs
will have a larger activity if they present a larger surface area.!’ For example, for
CO oxidation catalyzed by Pd NPs, it has been found that the initial energy of
adsorption (which can be seen as a measure for the catalytic activity) is increased
with increasing particle size, when going from 2 nm Pd NPs to 8 nm NPs.*® For
olefin hydrogenation, the Pd NP activity increases 2-3 times as the NP size is
changed from 1 to 10 nm.*

Platinum small clusters and larger NPs can both present very high
catalytic activities. For example, clusters of 8-10 Pt atoms supported on ALO;
are extremely efficient for the dehydrogenation of propane.®' The size effect in
the reaction of methane oxidation on the Pt NPs supported on Al,O; showed the
maximum specific activity for nanocatalysts in the range of 2 nm (see Figure
2.4). Smaller and bigger NPs led to considerably poorer results for this methane
oxidation reaction.*

TOF, s
0.06 F

0.05F
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0.03
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0F

0 2 4 6 8
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Figure 2.4. Size effect in the reaction of methane oxidation on ALO; supported Pt NPs
catalysts (taken from Reference™).

Concerning the oxygen reduction reaction, the maximal catalytic activity
has been found for Pt NPs presenting a diameter of 2.2 nm."® The activity, but
also the catalytic selectivity can present a strong dependence on Pt NPs
diameter. For example, the selectivity to cinnamyl alcohol as a product varied
from 83% to 98% (at 50% conversion) as the NPs size was increased from 1.3 to
5nm.*
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Since the NPs properties can depend on their dimensions, the synthesis of
uniformly sized NPs is very important. The control of the NPs size is therefore
critical and has been the focus of intense research.”

The control of the NPs shape and crystallography is very challenging, but
the catalytic activity can also depend on these factors.* The ability to control the
NPs shape that terminates with the desired crystallographic plane is therefore
highly desired. The information obtained from the literature concerning the best
crystallinity for catalysis is however sometimes contradictory. Nanocrystals with
open surface structures are usually superior in catalytic activity over the ones
presenting closely packed surface atoms.”* However, it has been found that Pd

NPs supported on alumina are more efficient for selective butadiene
hydrogenation to butene when they exhibit a high fraction of (111) facets.?* Also,
it is believed that Pt (111) surfaces are catalytically more active.”> Being face-
centered cubic (fcc) crystals, Pt and Pd can present a variety of geometrical

shapes at the nanoscale (the most stable and often observed structures are
).36,37

cuboctahedron, icosahedron and decahedron

80

40 4
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TIK —

Figure 2.5. Comparison of catalytic activity for ethylene hydrogenation when using
platinum (a) cuboctahedra of 9.1 nm, (b) cubes of 9.4 nm, (c) cubes of 13.4 nm, (d)
cuboctahedra of 12.6 nm, and (e) porous nanoparticles of 19.3 nm. Nanoparticles of (a
and b) were stabilized by PVP and (c-e) by TTAB. No treatment was performed to
remove the stabilising agents (Reproduced from Angew. Chem., Int. Ed., 2006, 45, 7824).

The properties of metallic nanocatalysts can be modified by mixing in
another metallic component. Generally, alloying can have a wide variety of
effects on the material properties, determined both by the distribution of the
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atoms of both metals and by its chemical properties. The resulting alloyed
nanomaterial usually shows a combination of the properties associated with the
different metals. There is often an enhancement in specific physical and
chemical properties, due to different effects.”® There are three main effects that
may improve the catalytic activity of bimetallic NPs in comparison to
monometallic ones: ensemble, ligand and geometric effects.

Ensemble effects appear due to small groups (ensemble) of similar surface
atoms that take on distinct functionalities, for example they promote different
elementary reaction steps.”

Ligand effects are due to the interactions between the two metals,
resulting in electronic charge transfer between the atoms that affect their
electronic band structure, thus possibly enhance the catalytic activity.*

Geometric effects are linked to the atomic arrangement of surface atoms,
often resulting in greater NP catalytic activity, and this is often linked to the so-
called lattice strain. The lattice strain often induces an increase of the reactivity
of the surface atoms with lattice expansion.**?

Due to the aforementioned ligand and geometric effects, bimetallic NPs,
in particular core/shell structured nanomaterials, often present enhanced
catalytic activity as compared to their monometallic counterparts. Thus, a key-
challenge in catalysis research is the engineering of the composition and
structure of noble metal nanomaterials, in order to precisely tune their catalytic
activity. In addition, the ability to place an expensive and scarce noble metal as a
shell around a less expensive core material is economically attractive. Therefore,
evidently, the synthesis of noble metals core/shell nanoparticles became an

increasingly important research topic over the years.>*-%

2.3.3 Catalysts deactivation processes

Any process which decreases the intrinsic activity or selectivity of a catalyst can
be referred as deactivation. The understanding of the causes for deactivation of
catalytic NPs is very relevant for the catalysts control. There are three main
mechanisms for the deactivation of a catalyst: poisoning, fouling and sintering.

The poisoning mechanism is the catalyst deactivation due to the decrease
in number of active sites via the strong chemisorption of some impurities,
substances usually contained in the reaction mixture. In other words, poisoning
is caused by the adsorption or reaction of poisonous precursors on or with the
catalyst surface.

Fouling is a phenomenon where the reactants and products of the
reaction cause the deactivation, due to their accumulation on the surface of the
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catalyst. The decreased activity with time is referred as fouling if it is caused by
an unfavourable interaction with the reactants or products. “Coke” formation
can coincide with the fouling phenomenon. The term “Coke” originates from
the name of the residue created during the cracking of hydrocarbons in the oil-
gas refinery, which can also cause deactivation.

The third mechanism is sintering. The term “sintering”, when used for
supported metallic catalysts, refers to the loss of catalytic metal sites due to the
agglomeration of the metal particles. Sintering occurs via two main mechanisms:
a) Ostwald ripening, where atoms from the smaller catalyst NPs move to other,
bigger NPs by surface or gas phase diffusion, and b) particle migration (and
subsequent coalescence), where the whole NPs diffuse over the support until
they collide and coalesce.’’™® This mechanism is also referred as the
“Smoluchowski ripening”.***> The atmosphere/environment to which the
catalyst is exposed (oxidizing, reducing or inert) has a strong effect on sintering
and atomic migration.”>*® Recently, Yu et al. visualized, by means of an electron
tomography method, the electrochemical aging of Pt-Co fuel cell nanocatalysts
supported on carbon (see Figure 2.6).”” They deduced from this NPs tracking
that the majority of sintering events in this system were caused by particle
migration and coalescence.

Figure 2.6. Pt-Co nanocatalyst NPs migration and coalescence after electrochemical
aging on a fuel cell carbon support (taken from Reference”).

To limit the sintering effect, the metallic NPs can be encapsulated with a
(ultra) thin layer. For example, Pt NPs have been encapsulated in ceria®® using a
microemulsion technique and Pd NPs in alumina® prepared by ALD, while
retaining their catalytic activity. This approach will be addressed in more detail
later in this chapter (see Section 2.5.2.3).

A fourth additional deactivation process is the potential metal leaching
(metal dissolution in liquid) taking place in certain reactions such as the
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olefination of halides (Heck reaction), one major reaction heterogeneously
60-63

catalyzed by Pd NPs on oxides or C supports.

In addition to the aforementioned deactivation processes, which affect
mono- and bimetallic NPs, particular issues may concern multimetallic and
structured (e.g. core/shell) NPs. The durability of these particular nanomaterials,
in terms of activity and selectivity, may severely decay if they are subject of
dealloying or restructuring. The structure and composition of core/shell NPs
may undergo changes during their catalytic life. Inaba et al. found that the size of
the core in Pd/Au and Pt/Pd core/shell NPs, as well as the dissolution of the shell
material within the core (restructuring) are important degradation
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Figure 2.7. (Top) Evolution of Rh (Rh° + Rh**) and Pd (Pd’ + Pd¥*) atomic fractions in
the RhosPdos NPs at 300°C under oxidizing conditions (100 mTorr NO or O) and
catalytic conditions (100 mTorr NO and 100 mtorr CO) denoted in the x axis.

(Bottom) Evolution of the fraction of the oxidized Rh (left y axis) and Pd atoms (right y
axis) in the examined region under the same reaction conditions as the top part of the
figure. All atomic fractions in this figure were obtained with an X-ray energy of 645 eV for
Rh3d and Pd3d, which generates photoelectrons with a MFP of ~0.7 nm. Schematic
diagrams above the top of the figure show the reversible segregation of Rh and Pd under
alternating oxidizing and catalytic conditions. The data points for reactions 1, 3, and 5
have an associated error of +0.03; for reactions 2 and 4, the error bar is +0.02. (taken from
Reference®).
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mechanisms.®* Tao et al. demonstrated that Rh/Pd and Pt/Pd core/shell NPs
undergo structural and chemical variations in response to different
environments (oxidising, reducing) and catalytic reactions (Figure 2.7).*® Under
certain chemical conditions, the segregation (dealloying) effect of bimetallic
catalysts can be controlled and used to synthesize core/shell nanomaterials, as
shown by Oezaslan et al.® Guisbiers et al. have calculated that at a temperature
of approximately 1100K, a spherical alloyed Pt-Pd NP of 4 nm will be the subject
of Pd surface segregation, and the catalytic activity of core/shell NP (segregated)
will be increased in comparison to the “randomly” mixed alloyed Pt-Pd NP.*”
Barcaro et al. performed DFT calculations showing that segregation in alloyed
Pt-Pd NP can yield a novel multishell chemical ordering pattern, in which each
shell is a patchwork of islands of atoms of the two elements.*

2.4 “Conventional” synthesis techniques

A large variety of both chemical and gas phase methods have been developed for
the preparation of noble metals NPs. The description of these routes can be
classified in two parts. First the methods for preparing NPs suspensions will be
described, and secondly the methods to synthesize supported NPs (on structured
surfaces) will be presented. The aim of the next sections is to illustrate the
diversity of routes enabling the synthesis of metallic NPs and not to present an
exhaustive list. For more detailed information about these various synthesis
techniques, the reader is referred to the books and review papers given in
references. %771

2.4.1 Methods for preparing metal NPs suspensions

Of the many routes that have been explored to prepare noble metals NPs
suspensions, the most widely used techniques are solution-phase colloidal
chemistry methods, which have shown to be very powerful and versatile routes
to prepare nanocatalysts. In short, these general routes to prepare noble metals
NPs such as Pd and Pt involve the reduction or the thermal decomposition of
the metal precursor in the presence of a surfactant or stabilizer. By varying the
process parameters (temperature, pH, type of chemicals used, etc.), the size and
shape of transition metals NPs (such as Pd”* and Pt’®) can be controlled.*”%7>
The reduction method typically makes use of a chemical reducing agent,
electrochemistry, or an organic phase in order to reduce the transition metal salt
precursors.**”* The reduction of metallic salts by a chemical reducing agent
(such as hydrazine or borohydride) has been widely applied for the synthesis of
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37578 The electrochemical pathway

mono and bi-metallic nanoparticles.
eliminates the contamination problems resulting from chemical reducing agents,
and allows for the NPs size selectivity by tuning the current density. The third
pathway is the metal salts reduction in organic phase. In fact, using a single
phase or a phase transfer technique, organic soluble reductants such as hydrides
or alcohols have been used to synthesize many metallic NPs.*

The thermal decomposition method is based on the rapid injection of the
organometallic precursors in a hot solvent in the presence of surfactants. The
monodispersity of the synthesized NPs and their dispersion ability in organic
solvents makes this technique very attractive.

Independent of the type of reduction, the control of the NPs size and
dispersion can be achieved by the separation of nucleation and growth.
Furthermore, as “naked” NPs are not stable in solution, the use of stabilizing
agents is also often required. Many approaches exist to satisfy these needs, in
particular to stabilize the NPs. The metal NPs can be encapsulated by
dendrimers,” stabilized by micelles,* polymers or surfactants.” Ionic liquids are
also of interest, since they can act both as stabilizers and solvents.®! For example,
a common method uses the inner core of reverse micelles as a nanoreactor®?
where the size of the NPs is limited by the inner volume of this “nano-pool”
where the nucleation began. The NPs must then be extracted from the micellar
media and removed as a powder. This approach has been used for the synthesis
of various nanomaterials®’ including Pt* and Pt/Pd® NPs. If the method used to
synthesize NPs is the organic phase reduction, the NPs must also be stabilized.
In this case a capping agent is typically used. The single-phase synthesis method
is an approach in which all the chemicals (metal precursor(s), reducing agent,
capping agent) are dispersed in the same solvent. This technique has been used
for the synthesis of both mono and bi-metallic NPs.*® Noble metal NPs can also
be prepared by a two-phase synthesis (or the phase-transfer method), which
involves the transfer of the metal ion from a polar to a non-polar phase.®” The
NPs size is controlled by a capping agent and by the reaction conditions at the
interface. This method enables the production of large amount of metallic NPs
with narrow size distribution, but the NPs composition control remains
challenging. This phase-transfer method is therefore a good route for the
synthesis of monometallic NPs, but is not so well adapted for nanoalloys
synthesis.578%

These soft-chemistry approaches (or colloidal chemistry) - based on metal
salts reduction (or co-reduction in case of nanoalloys synthesis) and thermal
decomposition - are the most commonly used.*** In general, core/shell
structured noble metal NPs are prepared by using successive sequential
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reductions.*®®°

Other wet-chemistry routes, mostly based on organometallic
chemistry, have been used to create mono- and bi-metallic NPs, some of them
enable the control of the nanostructure,”*+*?192 but such synthesis procedures
are more complex.*”%8

Although good progress has been achieved in the wet chemistry synthesis
field, at the amazing point where the size, the composition and the shape of NPs
can be controlled,33344673-75929  geveral issues remain before practical
application can be achieved. Synthesis needs to be scaled up with high yield for
economical relevance and this is a great engineering challenge, especially for the
complex synthetic procedures that allow for a total control of the NPs properties.
Furthermore, chemical contaminants may stay at the surface of the synthesized
catalysts, and the post-cleaning procedure may be difficult. Also, there is a big
issue concerning the collection of the NPs while preventing aggregation. To
avoid the need to collect the NPs after their synthesis, one solution is to directly
prepare them on their support. In addition, immobilizing the catalysts on solid

(oxide) supports can reduce the leaching from the NPs.

2.4.2 Methods for preparing supported metal NPs

2.4.2.1 Chemical routes

A method commonly used is the dispersion of a pre-synthesized material (oxide
or metal catalyst) on a substrate. This is to coat specific substrates, such as the
ones used in micro-reactors for example.® Figure 2.8 illustrates such a
procedure, where presynthesized NPs are coated over a substrate. The
immobilization of NPs (created in solution) on solid supports, for example Pd
NPs stabilized in micelles immobilized on alumina, have been successfully used
for hydrogenation purposes. However, the supported -catalysts showed
desorption of some micelles during its catalytic use.*

Other routes exist to produce supported metallic catalysts, and almost all
these other chemical methods can be classified in one of the following categories:
Impregnation, deposition/precipitation, or ion exchange.’

The impregnation technique consists of the precipitation of a soluble
catalytic precursor on a substrate. A preformed support phase is impregnated
with the solution containing the metallic catalytic precursor, and the subsequent
processing (e.g. annealing) and reduction result in supported metal crystallites.

Deposition/precipitation is based on the precipitation of a catalyst
precursor and a suspended support precursor. Both the support and the catalytic
precursors are precipitated from aqueous salts solution. The subsequent
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processing and reduction result in the metal crystallites separated by the support
phases. It is a common preparation technique because it results in high
loadings.'”%

Ion exchange makes use of the replacement of charges at the substrate
surface by ionic metal precursor molecules and a subsequent calcination in order
to deposit small metal NPs.”!

The sol-gel technology is another technique applied for the synthesis of
supported NPs. It is similar to the deposition/precipitation approach because it
is based on a solution or colloidal dispersion of chemical precursors. The ageing
time of this solution (from a few minutes to several weeks) allows for its
gelification. This technique can enable the synthesis of a supported active oxide
layer or oxide supported noble metal NPs, such as alumina supported Rh or Pt
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Figure 2.8. Preparation scheme of metal NPs (Fe, Co and Pt) by a reverse micelle
technique. PS-b- P2VP or PS-b-P4VP is dispersed in anhydrous toluene. After adding a
metal precursor salt and continuous stirring for about one week, reverse micelles are
homogeneously loaded with the precursor material. By dip coating a hexagonal
arrangement of loaded micelles can be obtained. This micelle monolayer is exposed
successively to oxygen and hydrogen plasmas for (i) removal of the polymer and particle
nucleation and (ii) the reduction of the metal oxide particles, respectively (taken from
Reference®).

NPs.”* These sol-gels (solution phase) are in most cases deposited by
washcoating on specific supports.®’

These last techniques are also based on wet chemistry, and the removal of
potential chemical contaminants can potentially be challenging, especially if the
deposition is done in a high-aspect ratio substrate or porous material, which is
often the case.®’>% It has to be noted that the pretreatment of the substrate is
also gaining more and more importance. Different methods are used, such as
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anodic, thermal or chemical oxidation, which allows for a better impregnation of
the catalyst precursor by forming an oxide layer or by creating anchoring sites.”

2.4.2.2 Gas phase routes

Gas phase techniques, categorized in either physical vapour deposition (PVD) or
chemical vapour deposition (CVD) techniques, have also been investigated for
the synthesis of supported metallic NPs. The major advantage of gas phase
methods is the possibility to produce a large quantity of directly supported NPs,
and therefore upscaling of the process is easier than with the wet-chemistry
techniques. The NPs size control, however, is more difficult.

Physical vapour deposition (PVD) routes require a vacuum environment.
The main PVD techniques allowing for the synthesis of mono and bi-metallic
nanoparticles are vapour flow condensation, molecular beam epitaxy (MBE),
low energy cluster beam deposition (LECBD), spark discharge generation, ion
sputtering, and pulsed laser deposition (PLD).*”

Vapour flow condensation is probably the most logical route to produce
metal NPs. The process consists in heating a solid metal to evaporate it in a
background gas under high vacuum conditions, and the metal vapour is then
condensated on the substrate by adding a colder gas. The size distribution of
metal NPs produced using this route can be tuned by adjusting the flow and the
gas mixing. *%%

MBE is based on the slow sublimation of the material itself under ultra
high vacuum conditions. A mechanical shutter controls the time of the metal
evaporation. The sublimated atoms do not interact with each other or with the
vacuum chamber gases until they reach the wafer substrate (because of the long
mean free path of the atoms). The advantage of this method is the resulting high
purity and the possibility to make nanoalloys'® by simply co-sublimating
different materials on the same substrate. The NPs size is depending on the
substrate temperature and the deposition time. Superfine crystalline
nanostructures can be obtained by this technique, but the throughput is
limited.'™

LECBD is the NPs production by gas phase condensation, which requires
the control of the vapour pressure of the evaporants and their velocity. However,
it is very attractive, because it allows for the deposition of unstable metallic
alloyed NPs with a very narrow size distribution.®”!%

Spark discharge generation enables the vaporization of a metal by
charging electrodes made of the metal until the breakdown voltage. NPs are then
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formed in the arc (spark) between the electrodes in a reproducible but quantity
limited way.'®

Sputtering a metal with inert ions is another way to vaporize it, and the
deposition of catalytic materials on various substrates can thus be achieved by
this method.'”* Many metallic NPs can be produced using magnetron sputtering
but the deposition of (very) small NPs (< 8 nm) is challenging.'® This method
has been used to coat microreactor substrates with Pt.!**

PLD, also called laser ablation, makes use of a short and energetic laser
pulse to shoot on a target which results in a plasma whose species condense at
the substrate (facing the target). The advantage of this technique is its versatility
and the possibility to evaporate almost every material, including oxides, noble

metalsl% 107

and nanoalloys.

The limitations shared by these PVD techniques are the requirement of
the high temperature (for the volatilization of the elements to deposit) and the
expensive high vacuum equipment needed.

Chemical Vapour deposition (CVD), which does not require a high
vacuum nor extremely high temperatures, has also been investigated for NPs
deposition and led to successful deposition of various nanomaterials.'®® CVD has
the advantage to use highly volatile compounds (metallorganic precursors) in
the gas phase, which chemisorb, react and/or decompose at the substrate surface
to produce the desired material.”’ The absence of liquid solvent facilitates the
inclusion of NPs within porous materials, and there is no post treatment needed
for the removal of potential chemical contaminants.”

2.5 ALD as a new route for nanocatalyst synthesis

2.5.1 Introduction to NP preparation by ALD

A promising new route for the synthesis of nanocatalysts is atomic layer
deposition (ALD). ALD is basically a chemical vapor deposition (CVD) method
in which the deposition process is generally split up into two self-limiting half-
reactions. In CVD, the precursors reactants are led into the reactor
simultaneously whereas in ALD, they are introduced in the reactor in alternate
pulses. The ALD reactor is purged and/or pumped down between the two self-
limiting steps, in order to remove the excess precursor or reactant molecules and
the reaction products from the reactor. ALD enables the deposition of
(ultra)thin films of various materials, including oxides, nitrides and metals.
Plasma species can be employed as reactants, and so-called plasma-assisted ALD
allows for more freedom in processing conditions, and for a wider range of
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material properties compared to conventional thermal ALD.!® ALD has the
ability to control film growth at the atomic level, since the material is deposited
in a layer-by-layer fashion.'® The main advantages of ALD can therefore be
summarized as excellent uniformity, high conformality, and precise growth
control. These characteristics can be attributed to the self-limiting nature of the
ALD process.

A variety of metals, such as Cu,'"! W,'"2 Mo,'”* and noble metals such as
Pd,'* Pt,''> Ru"¢ have been deposited by ALD. In this overview, we chose to
focus on the NPs of noble metals. In case of noble metal ALD on oxides, the
nucleation often begins with the formation of islands that increase in size cycle
after cycle, and eventually they coalesce to form a continuous film."* The
elements considered as being noble metals, in order of increasing atomic
number, are Ru, Rh, Pd, Ag, Os, Ir, Pt and Au. All these elements have been
deposited by ALD, and the island-growth behavior is very likely to take place for
all these noble metals when deposited on oxides supports. The TEM images
presented in Figure 2.9 show the result of various numbers of cycles of ALD of
Pt on AL,O; and illustrate nicely the nucleation during ALD of metals. The metal
NPs deposited are highly dispersed. For example, Pt and Pd NPs deposited on
alumina nucleate with a typical and maximal density in the order of 10%
NPs/cm?>*1

The growth mechanism includes the adsorption of precursor molecules at
the substrate surface followed by the diffusion of metal adatoms to form clusters
or to join growing NPs. The formation of these nanosized islands is mainly due
to the difference in surface energies between the substrate and the material
deposited. The formation of NPs by ALD is presented in more details in the
Chapter 3 of this thesis.

This noble metal ALD nucleation behavior has been investigated for the
synthesis of supported NPs on various substrates. Both monometallic and
bimetallic NPs have been deposited by this method.
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60 cycles

Figure 2.9. Nucleation and growth of nanoparticles by ALD of platinum presented as a
function of the number of cycles (indicated in the upper right corner of each image). The
substrates used were ALO; covered SisN4 TEM windows. The scale bar is 50 nm.

2.5.2. Overview of noble metal NPs synthesized by ALD:

The noble metal NPs prepared by ALD are briefly summarized by material
(monometallic Ru, Pd, Ag, Ir, Pt and bimetallic NPs) in the Tables 2.1 to 2.6
presented in this chapter. Note that the list of abbreviations and acronyms is
given on the last page of this Chapter. The tables refer only to journal papers
where NPs have been imaged or studied otherwise. In some cases the NPs were
observed in a film growth study, not with the purpose of preparing NPs. The
processes used and relevant observations are indicated in the tables. Some cases
will be illustrated and explained in more detail below. This extensive list shows
the amount of work carried out in this field, and demonstrates that ALD
preparation of catalysts is of considerable interest.

2.5.2.1. Ruthenium

Ruthenium is a low resistivity metal, whose properties are of interest for many
applications in semiconductor technologies such as electrode material for
dynamic random access memory (DRAM) and ferroelectric random access
memory (FRAM) devices.""® Due to its bond breaking abilities, Ru can also be
used as heterogeneous catalyst, for example for dehydrogenation reactions of

ammonia borane.'?’
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Table 2.1: Overview of literature reports of Ruthenium NPs prepared by ALD.

ALD process

Objectives and

Refi
Precursor Co-reactant Substrates remarks clerences
Pristine
DER (o) nanoporous Film growth 120
template'?’
Comparison of
Ru(Cp). (o)) Si0,, ALO3 high density of 121
NPs
Si, Si0,,TiO,,
DER 0 Film growth 122
and TiN
High density of
NPs and
Ru(EtCp): NH; plasma SiO, o 123
application in
capacitors
NPs coalesce
CisH2:Ru (0)} SiO, after only 10 124
cycles
Deposition on
carbon and
Ru(Cp)» Air N high aspect ratio 125
silica aerogels
substrates
anodized ) .
) High density of
aluminum
Ru(EtCp): NPs on 3D 126
oxide (AAQO)
substrate
template
Ru(EtCp): NH; plasma TiN Film growth 1o
Control of the
Ru(Eth)z O, ALO; 128
size and density
NH; plasma Control of the
Ru(EtCp). SiO, 1
and Oz gas size and density
Application in 130
Ru(Cp)2 0O, ALOs
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Application in
Ru(ECp) 0 ALO; ppicat 151
capacitors

High density of
NPs and
Ru(‘Bu-Me-amd)»(CO), NH; ALO; o 132
application in

capacitors

NP crystal
Ru(DMPD), 0, SiO; structure and 133
growth

When “film growth” is mentioned in the “objectives and remarks” column, NPs resulting
from island growth have been observed but the focus of the work was on the film growth and
the material properties associated.

2.5.2.2 Rhodium

Rh is an efficient catalyst and has been exploited for hydrocarbon conversion

reactions™ and applications in automobile catalytic converters.'” However,

concerning ALD, only thin film samples have been prepared so far.*¢!%

2.5.2.3 Palladium

The noble metal palladium can be applied as seed layer material for

electroplating in integrated circuit interconnects,'*®

139

and it is also object of great

as well as in hydrogen sensing'® and storage.!*"'*

interest in catalysis,
Palladium exhibits a high catalytic activity for hydrocarbon oxidation.”!*'¥ Pd
has a better catalytic activity for aromatic hydrocarbons combustion than Pt.
Both metals (Pd and Pt) having such a high catalytic activity, they can be used at
very low loadings (approximately 0.02-0.5 wt.%) in catalytic combustion
applications.” Therefore, NPs of Pd (and Pt) have been widely studied for many
catalytic applications including hydrogenation reactions, carbon-carbon bond

formation, and oxidation and reduction reactions in fuel cells.?461:62:68,144
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Table 2.2: Overview of literature reports of Palladium NPs prepared by ALD.

ALD process Objectives and
References
Precursor Co-reactant Substrates remarks
H, w Film growth 145
H; plasma Si, W Film growth 146
H, plasma ALO; Film growth o
HCHO ALO; Film growth 114
Methanol
HCHO 7Zn0, ALO; decomposition 147
catalyst
ABC-type ALD
HCHO/ TiOz2 or ALO; | process for highly
coated silica dispersed, 148
TMA/HO gel uniform and
ultrafine NPs
TMA/ ALOs coated Enhanced NPs
Pd(hfac), 710, NP leati 1
HCHO 14O} S nucleation
ALOs coated Surface
HCHO 150
ZrO, NPs chemistry study
HCHO/ Detailed study of
ALO; the ABC-type 15t
TMA/HO ALD
Methanol
HCHO ALO; decomposition 152
catalyst
Glucose 153
oxidation
catalyst,
HCHO ALOs o
deposition in
fluidized bed
reactor
Alumina over-
HCHO ALO; 154
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Alumina over-
coating of NPs,
HCHO ALO; methanol 199
decomposition
catalyst
Ethanol and
Porous C
Pd(hfac), Air isopropanol 156
powder L
oxidation catalyst
ALOs, ZrO,, X .
HCHO, H, Film growth 157
TiO,
Li-O, battery cell .
HCHO Porous C 2arery 158
catalyst
HCHO TiO, Nucleation study 19

When “film growth” is mentioned in the “objectives and remarks” column, NPs resulting
from island growth have been observed but the focus of the work was on the film growth and
the material properties associated.

As is clear from the table, Pd NPs synthesized by ALD have been tested in

different catalytic reactions: they have been successfully used in ethanol,

1" and glucose oxidation' reactions, as well as for methanol

152,155

isopropano
decomposition.

Rikkinen et al. deposited Pd NPs by ALD on a porous carbon support for
fuel cell applications. In this case, the NPs activity has been tested for ethanol
and isopropanol oxidation and compared to a commercial catalyst. The results
obtained indicated that the ALD catalysts provide a similar mass activity with a
lower loading than current commercial fuel cell catalysts.*® Direct alcohol fuel
cells represent a very promising energy source for low power portable devices.

Liang et al. used ALD to produce Pd/ALOs catalysts. The depositions
were carried out at 200°C in a fluidized bed reactor. When compared to a
commercial Pd/alumina catalyst, the ALD Pd/alumina presented a greater active
metal surface area, and they had comparable activities for glucose oxidation to
gluconic acid in aqueous solution.'>

Feng et al. deposited Pd NPs by ALD on alumina coated silica gel.
Samples with various sizes of NPs (from 0.8 to 2.2nm) were obtained and their
catalytic activities were compared for methanol decomposition. The ALD Pd
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NPs presented a higher activity than those of catalysts containing larger Pd
particles synthesized by “traditional” methods such as impregnation or sol-gel.'*

Furthermore, some process modifications can increase the possibilities
offered by ALD. For example, the deposition of highly dispersed and ultrafine (<
1 nm) metallic NPs is possible using the so-called ABC-type ALD."*® With this
technique illustrated in Figure 2.10, metal NPs with protective ligands and the
support material are deposited sequentially. The final step is the removal of the
protective ligands by calcination and/or reduction to activate the metal NPs.
This process has been used for the deposition of highly uniform ultra-fine
supported Pd nanoparticles on high surface area supports. Further details can be

found in the References.!#815!

a)

| Initial support surface Nucleation site ]

P922509993399939899959939

b

-
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Figure 2.10. A schematic representation of one particular configuration for an ABC-type
ALD process: a) Initial support with nucleation sites. b) A volatile metal precursor A is
introduced to the surface to form metal nanoparticles with a part of the ligands retained.
c) The first reagent B is introduced to the surface. d) The second reagent C is introduced
to the surface to react with B and form a new support surface. e) New support and metal
NPs protected by ligands are formed on the initial support surface after multiple ABC
cycles. f) The protective ligands are removed to activate the metal NPs (taken from
Reference!®).
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As described earlier, supported catalysts can be the subject of deactivation
with ageing. A major issue is the fact that many supported NPs are susceptible to
sintering during aging and during their use in catalytic reactions. An innovative
ALD process has been developed by Argonne National Laboratory group in
order to overcome the sintering issue. After the deposition of metallic NPs (Pd
in this case), an ALD layer of alumina was used as a protective layer to inhibit
the sintering. It has been shown that up to a certain over-coat thickness (using
15 cycles with Al(CHs)s and H,0), the alumina protective layer preserved the

catalytic activity while preventing NPs sintering up to 500°C (see Figure
2.11)'59,154,155,160

Oxide support

10¢c- ALLO,

Figure 2.11. TEM images of alumina supported Pd catalysts with different numbers of
154).

ALO; ALD overcoating cycles (taken from Reference

When these alumina-covered Pd catalysts were tested in oxidative
dehydrogenation of ethane to ethylene at 650°C, it has been found that the
overcoating effectively reduced the catalyst deactivation by coking and
sintering.” It has to be noted that a chemical technique (a modified Stober
method) has been used in an earlier work to coat supported Pt NPs with a

porous silica layer in order to make them sintering resistant.'®"
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2.5.2.4 Silver
Silver has the highest electrical conductivity of any metals. Silver catalysts are
very efficient and they are used industrially in the oxidation of methanol to

formaldehyde and in the epoxidation of ethylene.®

Table 2.3: Overview of literature reports of Silver NPs prepared by ALD.

ALD process Objectives and
References
Precursor Co-reactant Substrates remarks
Film growth,
Ag(fod)(PEts) H, plasma Si ) 162
plasmonics
Ag(fod)(PEts) H, plasma Si Film growth 163
Nucleation study,
Glass, SiN,
(hfac)Ag(1,5-COD) Propanol application in te4
porous C .
plasmonics
Ag(O,C'Bu)(PEts) H radicals Si, glass Film growth 165
Film growth,
Ag(fod)(PEts) H, plasma Si application in tez
plasmonics
Ag(fod)(PEts) H, plasma Si Film growth 163

When “film growth” is mentioned in the “objectives and remarks” column, NPs resulting
from island growth have been observed but the focus of the work was on the film growth and
the material properties associated.

2.5.2.5 Osmium

Os metal is usually alloyed with other noble metals for use in electrical
contacts,'*® but can also be used in catalysis.'®” Recently, Osmium NPs and thin
films synthesis has been achieved on alumina, using an ALD process based on
Os(Cp); and O, gas.'” The typical island growth has been observed for Os
ALD during the nucleation phase but the focus of the paper was on film
growth.'*” To our knowledge this is the only report on ALD of Os so far.

42



Noble metal nanoparticles synthesis by ALD: An overview

2.5.2.6 Iridium

Iridium, like other noble metals, is a potential electrode material in DRAMs and
in FRAMs.'® Since it has good bond-breaking abilities, Ir can also be used as
catalyst material.'® For example, Yinghuai et al. used dispersed Ir NPs for the
catalytic borylation of alkanes and arenes to form boric acids, which have
applications in pharmaceutical chemistry and organic synthesis.'”

Table 2.4: Overview of literature reports of Iridium NPs prepared by ALD.

ALD process Objectives and
References
Precursor Co-reactant Substrates remarks
. Film growth,
Ir(EtCp)(COD) 0, Si ) 168
barrier layer
AlLOs, Si0,, .
Ir(acac)s 0:/Ha Film growth 7
glass
ALOs and
] Photocatalyst of
Ir(acac)s 0, TiO; covered 172
methylene blue
cellulose
Catalyst in
Ir(acac)s Air Zeolite decalin ring 173
opening
(MeCp)Ir(CHD) 0, ALO; Film growth 174
Toluene
Air
Ir(acac)s o AlLO;, SiO, hydrogenation 169
calcination
catalyst
Air ALO:;3, Si0,, Catalyst
Ir(acac)s, Ir(thd)(COD) o o 7 175
calcination zeolite preparation

When “film growth” is mentioned in the “objectives and remarks” column, NPs resulting
from island growth have been observed but the focus of the work was on the film growth and
the material properties associated.

As can be seen in the table, Iridium catalysts have been synthesized by
ALD and tested in different reactions. An interesting example is described by
Vuori et al. Zeolite, a typical support for metal catalysts, has been used as a
substrate for the deposition of Ir NPs by ALD. A reference catalyst was prepared
by wet impregnation on the same support and the catalysts were compared in
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the decalin ring opening reaction. ALD Ir catalysts have been found to be clearly
more active and selective than wet impregnated ones.'”

2.5.2.7 Platinum

Platinum is the most widely used catalyst, because its high catalytic activity for
hydrocarbon oxidation, which is attributed to their activation of O-O, C-H and
O-H bonds.”'*!** Pt combusts more efficiently straight-chain hydrocarbons than
Pd, and can be used at very low loadings (approximately 0.02-0.5 wt.%) in
catalytic combustion applications.” Pt NPs are often used as model catalysts and
have been widely studied for many catalytic applications including
hydrogenation reactions, carbon-carbon bond formation, and oxidation and

reduction reactions in fuel cells.2461:6268.144

Table 2.5: Overview of literature reports of Platinum NPs prepared by ALD.

ALD process Objectives and
References
Precursor Co-reactant Substrates remarks
H, ALO:s, TiO, Water gas shift e
SrTiOs reaction catalysis
Ta,Os and
Conformality of
O, TiOs 177
ALD
nanotubes
CO-oxidation
0O, C aerogels . 178
catalysis
MeCpPtMes
O C cloth and Application in fuel o
CNTs cell
SrTiOs Control of NPs
02 180
nanocubes growth
0, SrTiOs Nucleation study 181
CO-oxidation
(&2} Silica gel 182
catalysis
o, Ag, Pd, Ru, Application in fuel .
Au cell
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0O,

0O,

Air

calcination

O:plasma

0O,

MeCpPtMes 02

0O,

0O,

0O,

0O,

0O,

0O;

0O,

SiO2

TiO; powder

SnO;

nanowires

SiO2

Nanoporous
ALO;

template

ALO;

SrTiOs

A1203, ZI’OZ,
TiO,

TiO,

nanotubes

SiO;

TiO,

STO

nanocuboids

CNTs

TiO2 NPs

ALOs
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Charge storage

memory
Photocatalysts

Gas and photon

sensing

Cinnamaldehyde
hydrogenation

catalysis

Nucleation study

Nucleation study

and enhancement

Nucleation study

and control

Film growth

Film growth in

nanostructures

Nucleation control
using SAMs

Catalysts model
for DFT

calculations

Propane oxidation

catalysis

Application in

micro fuel cells
Upscaling

Non-volatile
memory

applications

184

185

186

187

188

189

190

157

191

192

193

194

195

196
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Influence of 197

02 ALO;
oxygen exposure
) ) ) Solar hydrogen 198
air Si nanowires .
generation
. . Oxygen reduction »
air TiSi> nanonets
catalyst
_ TiO; Photocathode 199
air
nanowires catalyst

Multiwalled hydrogenation of 200

0
CNTs xylose to xylitol
Methanol o
MeCpPtMe; O, graphene o
oxidation catalyst
Application in n
0, ALOs nonvolatile
memory
o ZnO Methanol 202
’ nanorods oxidation catalyst
Yttria- 203
0 Stabilized Nucleation study
Zirconia
0Ozand CO 204
02 ZnO .
sensing

When “film growth” is mentioned in the “objectives and remarks” column, NPs resulting
from island growth have been observed but the focus of the work was on the film growth and
the material properties associated.

As can be seen in the table, Platinum prepared by ALD has been the
subject of intense research. The ability of ALD to allow deposition on 3D
substrates is often exploited for catalytic purposes. Setthapun et al. used ALD to
deposit Pt NPs on high surface area ALOs, TiO; and STO supports, and they
showed that these catalysts produced by ALD had identical water gas shift
reaction rates and reaction kinetics to those reported in literature.'” Liu et al.
deposited Pt NPs on carbon cloths and CNTs for application in proton-
exchange membrane fuel cells, and they demonstrated that Pt nanocatalysts
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supported on CNTs have a higher utilization efficiency than commercial
electrodes.’” The potential of Pt ALD for catalysts synthesis has also recently
been proven by Goulas et al., who deposited Pt nanoclusters with a narrow size
distribution on TiO, NPs, in a fluidized bed reactor at atmospheric pressure.'*®
The aim was to demonstrate the possibility to make an efficient use of the
expensive Pt precursor and to show the viability of upscaling of the technique.

2.5.2.8 Gold

Gold has also become the focus of interest as a catalyst, since gold NPs on oxides
can be used as effective catalysts for CO oxidation at low temperatures.**> To our
knowledge, Au ALD is still in its infancy. However, some preliminary work on
plasma-enhanced ALD of Gold has been reported by S. T. Barry et al.*

2.5.2.9 Bimetallic nanoparticles synthesis by ALD
The synthesis of bimetallic NPs can be achieved by alternating two different
metal ALD processes. The research on the synthesis of bimetallic NPs by ALD is

only in its early stages, but the work carried out shows promising results.

Table 2.6: Overview of literature reports of bimetallic NPs prepared by ALD.

ALD process Objectives and
References
Precursor Co-reactant Substrates remarks

Alloyed Cu-Pd
Cu(thd), and Pd(thd), Air S$i0,, ALOs 207
NPs synthesis

Alloyed Ru-Pt
Ru(DER) and MeCpPtMes 0, AL O3 NPs NPs for methanol 208

decomposition*

Methanol

Pt(acac); and Co(acac)s - Carbon black oxidation and 209

oxygen reduction

CO oxidation and
MeCpPtMe; and Ru(EtCp). 0, CNTs methanol 210

oxidation

CO oxidation and
MeCpPtMe; and Ru(EtCp), (o)) CNTs methanol 2

oxidation
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Core/shell Pt/Ag
NPs synthesis for
MeCpPtMe; (o)) Sinanowires | SERS application. 212
Only cores were
prepared by ALD

Core/shell WC/Pt
NPs synthesis for
hydrogen

conversion 213

MeCpPtMes 02 WC particles
catalysis.

Only shells were
prepared by ALD

H, plasma Synthesis of Pd/Pt
and ALO: and Pt/Pd ©
Core/shell NPs

Ox entirely by ALD

Pd(hfac), and

MeCpPtMe;

ALOsand Synthesis of Pt/Pd
3an

Pd(hfac)> and Formalin and s Core/shell NPs for

o TiO; covered

ropane

MeCpPtMes ’ silica particles prop

50
dehydrogenation

Synthesis of
Core/shell NPs
Formalin, H,, ALO;3, ZrOs, with combinations

O3, Oy, TiO, of the metals Pd,
Pt and Ru entirely
by ALD

Pd(hfac),, Ru(EtCp)2

214

MeCpPtMe;

By applying Ru(DER)/O; cycles for Ru and the Pt(MeCp)Mes/O; cycles
for Pt, Christensen et al. deposited Ru-Pt nanocatalysts on spherical alumina
supports. By adjusting the ratio between the two metal ALD processes, the
precise control of Ru/Pt ratio in the deposits could be achieved (see figure 2.12).

48



Noble metal nanoparticles synthesis by ALD: An overview

Figure 2.12. TEM images of ALD Ru-Pt NPs on ALO;. (a) ALD metal nanoparticles
decorate the alumina sphere. The histogram gives the nanoparticle size distribution
measured from TEM where the mean particle diameter is 1.2 nm with a distribution
width of 0.3 nm. (b) High-resolution TEM image showing lattice fringes for the ALLOs
and the Ru-Pt nanoparticles. (taken from Reference®®).

The synthesis of supported bimetallic core/shell nanoparticles entirely by
ALD is also feasible. Two properties of ALD of noble metals, namely the
Volmer-Weber growth and surface-selectivity, have been exploited to decouple
primary island growth from subsequent selective shell growth. This concept has
been applied to synthesize highly dispersed core/shell NPs with all the
combinations of the metals Pd, Pt and Ru (as shown in Figure 2.13, see chapter 5
and 6 of this thesis for more details).**!
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Figure 2.13. High magnification HAADF-STEM images of Pd/Pt core/shell NPs
synthesized by ALD. In (a), the core/shell structure is visible on most of the particles.
Contrast differences result from the atomic number (Z) difference between Pd and Pt. In
(b), the HAADF-STEM high resolution image displays lattice fringes of the Pt shells. The
substrates used were 3 nm ALO; ALD covered SizNs TEM windows (taken from
Reference®).

2.5.3. Other benefits of ALD for catalyst preparation:

Apart from the direct preparation of metallic NPs, there are additional benefits
of ALD that can be used for the preparation of catalyst. As mentioned in section
2.5.1, ALD yields excellent uniformity, high conformality, and precise growth
control. The control of the NPs properties, in terms of size, spatial density or
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composition, as well as the ability to deposit them on various supports are key
elements for the preparation of catalyst materials and can be achieved by ALD.

The size of noble metal NPs can be more or less controlled by varying the
deposition parameters (such as the number of ALD cycles applied), and process
modifications enable a better control of the NPs spatial density. For example,
Lee et al. used self-assembled monolayers pre-adsorbed on a substrate as a
template to control Pt ALD nucleation.”® A two-step ALD process, by varying
the pulsing time and carrier flow, was proposed by Lee et al. to modulate both
the size and the density of Ru NPs.!?® By including TMA/water cycles in the first
cycles of a Pd ALD process, Lu and Stair presented an innovative way to
synthesize ultrafine Pd NPs with a high dispersion.'*® As seen in Section 2.5.2.9,
the composition and structure of metallic NPs can also be controlled by ALD.

Furthermore, ALD process parameters can be modified in order to allow
for the selective growth on particular materials. For example, selective ALD
growth of Pt from MeCpPtMe; can be obtained when using a low O, partial
pressure during the O, pulse. This has already been used for nanopatterning
applications®>*'¢ and for synthesis of core/shell NPs.*

Because the properties of the NPs are key elements for their catalytic
activity, their stability and lifetime can be highly important. After the deposition
of the metallic NPs, an ALD (ultra) thin layer of alumina can be deposited as a
protective layer in order to inhibit sintering of the NPs. It has been shown that
up to a certain over-coat thickness, this protective layer preserved the catalytic
activity while preventing NPs sintering up to 500°C.>*!5415

Another important property of catalysts is their selectivity towards certain
molecules. The reactant selectivity of a catalyst can be enhanced by synthesizing
a defined pore structure on a mesostructured oxide. Recently, a new ALD route
has been found for the synthesis of highly selective catalyst system based on
nanostructured oxide supports. This new technique has been used to create
layers of ~0.5 nm alumina with ‘nanocavities’ (<2 nm in diameter) on a TiO,
photocatalyst, as illustrated in Figure 2.14.
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Photooxidation Photoreduction

Figure 2.14. Selective photocatalytic oxidation and reduction of mixtures are carried out
over templated nanocavities (taken from Reference?”).

The additional layers resulted in selectivity (up to 9:1) towards less
hindered reactants in otherwise unselective, competitive photocatalytic
oxidations and transfer hydrogenations.*'” These new inventive routes, recently
developed for the improvement of catalytic systems, demonstrate how the field
of catalysis can benefit from nanoengineering by ALD.

In addition, the key merit of ALD to enable deposition of films and NPs
on very high aspect ratio substrates is particularly relevant for the field of catalyst
synthesis. ALD can in fact be used to prepare a chosen support material, and to
deposit NPs on challenging catalyst supports such as nanowires*® or nano/micro
spheres.?*®

Figure 2.15 aims to summarize the possibilities offered by ALD for the
synthesis of NPs, considering the control of the NPs properties as well as the
ability to deposit them on various supports. The ability to deposit NPs with
different properties, such as alloyed or core/shell structured for example is
shown. The possibility to prepare these NPs directly on challenging supports
such as graphene or nanowires is also depicted.
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2.5.4 Outlook: ALD as a realistic new route for nanocatalysts
synthesis?

ALD, a technique allowing for the deposition of high quality materials, with high
uniformity, precise growth control, and excellent conformality, is currently used
for the most challenging thin-film deposition applications. For example, in the
semiconductor industry, this technique is applied for the preparation of the gate
oxide in sub 45 nm processors and for the preparation of the dielectric layer in
trench capacitors in DRAM manufacturing. The semiconductor industry is
currently the main driver for ALD.***%

In the catalysis industry, the synthesis of heterogeneous catalytic systems,
and noble metal NPs in general, is carried out using the more “conventional”
routes described previously (in Section 2.4.2). These techniques, being mature
and relatively cheap, have however their limitations. The preparation of NPs
suspension by wet chemistry, which allows for nanostructured NPs with precise
monodispersity, has two main drawbacks: the need of a post treatment to
eliminate the potential chemical contaminants, and the challenging collection of
the NPs after synthesis without aggregation of the NPs. The chemical routes
allowing for the preparation of supported NPs such as impregnation,
deposition/precipitation or ion exchange share the same first drawback, which is
the need to eliminate the potential chemical contaminants. This removal of
contaminants can be challenging, especially if the preparation is taking place in
high aspect ratio substrates. The sol-gel technique commonly used to
simultaneously deposit the oxide and the metal NPs is not very efficient, because
some noble metal included deeply in the oxide cannot interact with the surface
reactants such that some scarce metal is wasted. The gas phase techniques
allowing for a direct synthesis of supported NPs have the advantage of large
throughput, but the NPs size and dispersity control is limited.

As discussed earlier, the possibilities offered by the nanoengineering by
ALD could provide great advantages to the catalysis industry. As described
previously, ALD can be used to synthesize monometallic, alloyed or even
core/shell structured NPs. These NPs can be deposited on various and
challenging substrates. ALD has also capabilities to stabilize the NPs to make
them sintering resistant, or even to modify the substrate itself to tune the catalyst
selectivity. These few examples show the benefits of ALD for catalysis research,
and it is likely that many more ALD processes will be developed in the future to
continue improving catalytic systems. Obviously, ALD can and is also used as a
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route to create model catalysts for fundamental studies, as shown in different
examples in the tables presented in Section 2.5.2.

However, ALD also presents serious limitations and issues before it can
be applied to the synthesis of industrial heterogeneous catalytic systems. The
costs associated with this vacuum based high technology technique seem to be
the first limitation. The capital and running costs are extensive, especially also
considering the high costs of the noble metal ALD precursors. The second
drawback is the design of the ALD reactors, which is typically adapted for
research purposes but not for the high throughputs required in industry. One
other issue concerning the synthesis of metallic NPs by ALD is the control of the
temperature and the conditioning of the reactor walls. In fact, the ALD
nucleation is highly dependent on the temperature and on the conditioning, and
the size of the NPs can vary if a temperature gradient exists over the (3D)
substrate. Finally, the last drawback is that ALD is not a proven technology yet
in the field of catalysts synthesis, and therefore no industrial experience exists, as
compared with the more conventional synthesis methods.

These limitations can partially be solved by the reactor designs. A proper
reactor design could enable for a good temperature control, which would allow
for the ALD deposition on multiple and larger substrates. Novel ALD reactor
designs are being developed in order to increase the deposition throughput and
to extend the ALD possibilities. For example, rotary reactors have been
developed for the conformal ALD on particles and powders.””! Another
interesting and currently used reactor design is the so-called fluidized bed
reactor, that enables the production of conformal and uniform nanocoatings or
metal NPs on the surface of dry individual particles in the reactor.'>*»**>-** Figure
2.16 illustrates the rotary and fluidized bed reactor designs. These reactors offer
the possibility to directly synthesize catalytic systems that consist of ALD-oxide
coated nano or micro-spheres, with highly dispersed ALD-metal NPs covering
them.
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Figure 2.16. Schematic diagram of the ALD fluidized bed reactor (top) and a rotary

reactor (bottom).

These fluidized bed ALD reactors have been developed in order to enable
ALD to be carried out on microsphere substrates and to make better use of
expensive precursors. Goulas et al. recently used an ALD fluidized bed reactor at
atmospheric pressure to deposit Pt NPs, and they were able to utilize the Pt
precursor with 95% efficiency.”® This demonstrates the potential scalability of
ALD for nanocatalysts synthesis. We expect the extensive capital and running
costs of ALD systems to be considerably reduced in case of an expanding
industrial use.

Due to these “economy of scale” reasons, the first applications would
probably be “niche-applications” with “high end” value. The NPs prepared by
ALD could be used for heterogeneous catalysis (molecules conversion,
sensing,..) and integrated in micro/nano devices such as micro-fuel

179,183,195,225 94:226-228 in general.

cells or microreactors

Micro-fuel cells are a particular type of microreactors, attracting a lot of
interest due to their potential in powering small autonomous devices.”” Micro
fuel cells require the use of catalytically efficient noble metal NPs for the fuel

(e.g. methanol) conversion. ALD has been explored by different research groups
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as a way to deposit noble metal nanocatalysts on challenging substrates (e.g.
carbon nanotubes) for this purpose.!7817%183195.210.211,225

Microreactors are particular type of devices, realized as miniaturized
continuous flow systems (see Figure 2.17) with typical channel widths of 10 to
500 microns. The advantages of reactor downscaling are to carry out chemical
reactions in unusual process regimes or under isothermal conditions, with an
enhanced process control and better heat management. Microreactors are
typically built up from several hundreds of individual reactor plates or channels
on which catalytic coating is applied, and their performance highly depends on

the uniformity of this catalytic coating.?*22%20231

Figure 2.17. Microstructured integrated prototype of reactor used for selective oxidation
and heat exchange purposes (Taken from Reference*”).

Usually, the catalytic system is a nano-porous catalyst. A common
commercial catalyst, such as a mixture of alumina/metal NPs in a sol-gel
solution phase, is often deposited in the channels by washcoating followed by
calcination. The average thickness of washcoats is a few dozens of microns, and
these structures present a very high nano-porosity (pores size around 10-30 nm)
with metal NPs of 1-10 nm.?**> The catalyst can also be deposited by a two-step
process, washcoating and calcination for the oxide such as Al,O3 and subsequent
wet impregnation for the metal (Cr, Pt, Rh...).?%23223

The potential of ALD could be to deposit the metal NPs on the
nanoporous alumina washcoat, since the volatility of the precursors would allow
for this penetration into the microreactor microchannels and washcoat
nanopores. Another opportunity for ALD would be to to fill the microstructured
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channels of reactors with the microspheres supported ALD catalysts, offering a
large catalyst surface area.

Up to now, ALD is still in its infancy concerning its application in
microreactor technology. A molybdenum microreactor has been used in the
frame of zeolite process optimization. In this work, ALD of ALO3; and TiO; has
been successfully used to coat the molybdenum plates in order to protect them

from oxidation at reaction conditions.?!

Another study, aiming at the
dehydrogenation of isobutene in a microreactor, made use of ALD to add
catalytically active chromia on the alumina support, using chromia
acetylacetonate precursor. In this study, a chromia/alumina powder catalyst was
also prepared by ALD.??® The study demonstrated the catalyst good molecular
selectivity, even at low conversion, and ALD was proven to be a reliable method
for adding catalyst material in microreactor channels.??

To summarize, with the advancement of ALD reactor design, there might
be real and viable possibilities for ALD prepared metal NPs to be applied in
catalysis. With the continuous downscaling of electronics and portable devices
in general, we believe the downscaling of the integrated powering or sensing
devices could greatly benefit from ALD prepared metal NPs, in a similar way as
the downscaling of transistor technology benefited from metal oxide ALD in the

very recent past.
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List of abbreviations and acronyms

acac = acetylacetonate

ALD = Atomic Layer Deposition

amd = acetamidinato

CHD = cyclohexadiene

CNT = carbon nanotube

COD = 1,5-cyclooctadiene

Cp = cyclopentadienyl

CVD = chemical vapour deposition
DER=2,4-(dimethylpentadienyl)(ethylcyclopentadienyl)Ru
DEFT = Density functional theory

DRAM = dynamic random access memory

Et = Ethyl

fcc = face-centered cubic

fod = 2,2-dimethyl-6,6,7, 7,8,8,8-heptafluorooctade-3,5-dionato
FRAM = ferroelectric random access memory

HAADF = High angle annular dark field

hfac = hexafluoroacetylacetonate

LECBD = low energy cluster beam deposition

MBE = molecular beam epitaxy

Me = methyl

MFP = Mean free path

MOSFET = metal-oxide-semiconductor field effect transistor
NP = Nanoparticle

0,C'Bu = 2,2-dimethylpropionato

PEt;= triethylphosphine

PLD = pulsed laser deposition

PS-b-P2VP = polystyrene-block-poly(2-vinylpyridine)
PVD = physical vapour deposition

SAM = Self-assembled monolayers

SERS = Surface enhanced Raman spectroscopy

(S)TEM = (Scanning) Transmission Electron Microscopy
TMA = Tri methyl aluminum

TOF = turnover frequency
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Chapter 3

3.1 Introduction

Heterogeneous catalysis is the focus of a tremendous amount of research, be-
cause it benefits many important applications, such as industrial chemistry, oil
refinery, or the automobile industry through catalytic converters.!™ Noble metal
nanoparticles (NPs) supported on large area oxides are one of the most im-
portant classes of heterogeneous catalysts,"*>¢
chemical processes. For example, Pt and Pd nanoparticles (NPs) supported on

ALO; are used in many technologies such as oil refining,">” hydrogen storage,®
11,12

and they are used in various

sensing,” automotive emissions catalytic conversion'®and fuel cells.

Atomic Layer Deposition (ALD) is a deposition technique that has the
ability to control film growth at the atomic level, using self-limiting chemistry
through alternating pulses of precursors and co-reactants.’* Recently, ALD has
been used as an alternative and robust route to produce noble metal NPs. ALD is
an interesting alternative to other techniques because it allows the deposition of
the nanomaterials to occur on substrates with demanding 3D surface topologies
including materials with high surface-to-volume ratios.'* ALD has been explored
by various research groups as a way to deposit noble metal NPs on challenging
substrates (e.g. carbon nanotubes), for example for fuel cell catalyst
applications."*'® Furthermore, the synthesized NPs can be used for catalysis ap-
plications without the need for post treatment steps (e.g. chemical processes for
removal of contaminants, annealing, etc.). This new route is very versatile, since
ALD can be employed to design metallic NPs with different compositions in al-
loyed" or core/shell*®*! structures. Various materials can be grown by ALD, and
among them noble metals such as Pt or Pd are the most used for catalysis appli-
cations. Several studies in the past decade were devoted to obtaining a deeper
understanding of the reaction mechanisms of noble metal ALD processes.”**
Despite some recent investigations about the precise mechanisms of ALD nuclea-
tion,”>?’ there are still several open questions related to what takes place at the
atomic scale and what influences the resulting NPs properties. Therefore, more
understanding is required to improve ALD processes and develop novel applica-
tions of the NPs.

Both the catalytic activity and selectivity of noble metal NPs can be highly
dependent on their size and composition,® but also on their shape and the atom-
ic arrangement on their surfaces.”?* In this work, the morphological properties
that we will discuss are the crystallinity, the crystal orientation, the shape, the
island density, and the size distribution of the NPs. The control of these NP mor-
phological properties is crucial if one wants to optimize each catalytic
system,’>**?> where the exact relationship between the NPs morphology and their
catalytic performance is usually depending on the reaction that needs to be cata-
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lyzed.* As seen in Chapter 2, independently of the chemical reactions to be cata-
lyzed, the “ideal” system containing (monometallic) nanocatalysts is usually
characterized by a high NP density, an appropriate (eventually 3D structured)
oxide substrate on which the NPs are deposited, a specific diameter comprised
between 1 and 10 nm with a narrow size distribution, and crystal surfaces with
an open structure.

The characterization of supported NPs is challenging because of their
small size, but various techniques can be used. In particular, transmission elec-
tron microscopes (TEM) are very powerful instruments to observe NPs. A pre-
cise investigation of the evolution of density, size and shape of the NPs prepared
by ALD can lead to an improved control of their properties, and it is therefore an
important research goal.

Due to their prominent role in catalysis, noble metal NPs are also grown
using physical vapor deposition (PVD) based techniques (such as vapor flow
condensation, see chapter 2 for more details). There are strong similarities be-
tween noble metal NPs grown by these techniques and those grown by ALD. In
particular, surface diffusion processes play a major role in thin film nucleation
and growth. Insight into the nucleation reaction mechanisms of ALD can there-
fore be obtained by acknowledging these similarities and by studying relevant
surface science literature. Because surface reactions that take place during ALD
nucleation can be similar to surface reactions in catalysis, relevant information
on the surface reactions during nucleation can be found in catalysis literature as
well.

This chapter is meant to provide some background information on the
experimental aspects of the preparation of NPs by ALD, their analysis by TEM,
and the underlying physical mechanisms that play a role during the formation of
the NPs. The chapter is divided in three parts. The experimental section is given
first, and mainly describes the ALD process parameters and the principle of
TEM, the main analysis technique of the NPs used in this work. The second part
aims to use the TEM data to extract information on the morphological proper-
ties such as the surface density and the size distribution of Pd and Pt NPs sup-
ported on alumina prepared using our ALD processes. Finally, the third part pre-
sents an overview of the main underlying physical mechanisms that can take
place during the different stages of NP growth. The focus is on the materials Pt
and Pd, but many of the described mechanisms are expected to occur during the
ALD of other noble metals as well.
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3.2 Experimental part

3.2.1 ALD reactor

All depositions have been carried out in an open-load home-built ALD reactor,
as described extensively by Langereis et al.*® A schematic representation and a
photo of the set-up used in this work are given in Figure 3.1.

(a)

spectroscopic
ellipsometry

substrate
(25-500 °C)

Figure 3.1. (a) Schematic overview and (b) photo of the remote plasma ALD reactor used
in this work.

The reactor consists of a deposition chamber which is connected to a re-
mote inductively coupled plasma source, a pump unit, and precursor and co-
reactant dosing systems. The pump unit and plasma source were connected to
the chamber through gate valves. A combination of a turbo-molecular pump and
a rotary pump were used to pump down the chamber. The ALD reactor is an
open-load reactor equipped with a 100 mm diameter (4 inch) substrate holder.
The total volume of the reactor is approximately 9x10° mm?, and the inner active
total surface of the reactor is 146x10° mm?. Additionally, there is the substrate
stage surface of approximately 57x10° mm?.

Before the NPs deposition, the (inner) walls were coated with a film of 10-
20 nm of the material (Pd or Pt) to be deposited (wall conditioning). This wall
conditioning appears to be important for the reproducibility of the experiments.
Furthermore, the reactor walls were permanently heated to approximately 90°C
to avoid any precursor condensation.
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3.2.2 Pd and Pt ALD process parameters

The Pd and Pt ALD processes used in this chapter have been employed to pre-
pare NPs on ALO; substrates. The precursors, methylcyclopentadi-
enyl(trimethyl)platinum (MeCpPtMes, 98%) and palladium hexafluoroacety-
lacetonate (Pd(hfac);, 99%), were obtained from Sigma-Aldrich and were used as
received. The precursor Pd(hfac), was obtained as a powder and directly trans-
ferred in the bubbler. The precursor MeCpPtMes (also purchased from Sigma-
Aldrich) was received in a “sticky” phase and was heated at 50°C in order to
transfer it as a liquid to the bubbler. Because the precursor molecules are air-
sensitive, the transfers to the bubblers have been carried out in a glove box under
N; atmosphere. The detailed ALD baseline process parameters are given in the
Table 3.1.

Table 3.1. Detailed baseline process parameters of the ALD processes

Pt ALD process Pd ALD process
Precursor MeCpPtMe; Pd(hfac),
Precursor exposure time (s) *
3 3
Ar purge time (s) 3 5
Pump time (s) 4 5
Co-reactant Oz gas at 1 mbar | H; plasma at 0.01 mbar
Co-reactant exposure time (s) 5 5
Pump time (s) 8
Bubbler temperature (°C) 30 50
Substrate temperature (°C) 300 100
Reactor wall temperature (°C) 90
Reactor base pressure (mbar) <10°¢

* Ar was used as a carrier gas.
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3.2.3 Substrates

For process development and thin film studies, the depositions were carried out
on Si wafers covered with 250 nm ALOs prepared by ALD. For NPs studies, the
substrates employed were SizNs TEM windows,” as schematically shown in Fig-
ure 3.2. Silicon nitride membranes are chemically, thermally and mechanically
robust even for a membrane thickness of 17 nm. These SisNy TEM windows al-
low for a good transmission of the electron beam, are easy to handle and can be
coated with different materials, which make them optimal substrates for our
studies. In this work, the SisN4 TEM window substrates were coated with 3 nm of
AlLO; using ALD (see Figure 3.2) in order to study the NP nucleation on this
oxide surface. In case of a thermal ALD process, the NP deposition could poten-
tially take place at the back side of the TEM window as well, which is not wanted
in our study case. This implies that the substrate stage and the TEM windows
used for the deposition of NPs by ALD must be very flat and smooth to ensure
good contact and thus prevent deposition on the backside. A deposition of NPs
on both the front and the back side of TEM windows would be revealed by a par-
tial overlapping of NPs in the TEM images, which was not the case in our stud-
ies. While the deposition took place on the TEM window(s), the deposition
growth rate was monitored in parallel on a “seed layer”. The “seed layer” is a Si
wafer covered by ~15 nm Pt or Pd, which is used in order to verify the stable
conditions of the process during the depositions of NPs. For this purpose, the
typical, linear ALD film growth was verified by in-situ spectroscopic ellipsometry
on this “seed layer”.

3nm ALO,
17 nm SisN,

VAR TR

Figure 3.2. Schematic cross-section of TEM windows typically used in this work.

3.2.4 Transmission Electron Microscopy (TEM)

Supported metallic NPs can be characterized using various analysis techniques,
such as scanning probe microscopy techniques (scanning tunnelling microscopy
and atomic force microscopy) or X-ray based techniques (e.g. using synchrotron
radiation). In this work, we are using a transmission electron microscope (TEM),
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a powerful instrument which makes use of highly energetic electrons (in the
range of 60-300 keV) in order to image objects at extremely high resolution.
TEM analysis can reveal information on topography, morphology, composition
and crystallinity of objects at the sub-nanometer level. The size distribution and
the surface density of NPs can directly be extracted from TEM studies.* There-
fore, this technique is of great use for the analysis of the NPs prepared by ALD.

The basic TEM geometry is shown in Figure 3.3. After being emitted by
the source (electron gun), the diameter and intensity of electron beam is con-
trolled using a series of electromagnetic lenses and apertures. Deflectors are
aimed to control the direction of the beam with respect to the optical axis. The
electron beam reaches the sample and interacts with it before being transmitted
(the incident electrons all have the same energy when hitting the sample). Be-
cause electrons are easily stopped or deflected by matter, the samples must be
very thin (< 0.5 um) to have electron transmission. After passing through the
sample, transmitted electrons are focused by the objective lens. The following
aperture situated below the sample determines which of the scattered electrons
will form the image of the TEM. The last step of the electron beam is to go
through the magnifying system part, which is composed of intermediate and
projector lenses. The imaging is achieved using a CCD detector and a viewing
screen.’® It has to be noted that the electromagnetic lenses used in TEMs are
not perfect but have aberrations. These aberrations degrade the resulting image
quality. The most important aberration is astigmatism, and the stigmators placed
in the TEM column are aimed to correct this distortion. Optical aberrations can
degrade the image quality as well, but the latest TEM systems can be equipped
with aberration correctors to correct spherical aberrations, and with an (in-
column) energy filter to correct chromatic aberrations.
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Example TEM
schematic
©One of many types of TEMs
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Figure 3.3. A cut-away diagram of the internal structure of a TEM (taken from
http://www.ammrf.org.au/myscope/tem/introduction).

When studying crystalline samples, the TEM image contrast is dominated
by diffraction contrast. The electron diffraction mode is obtained by tuning the
microscope lenses such that the back focal plane of the lens is focused on the
CCD camera. In this mode, sharp diffraction spots or diffraction disks can be
formed.

In the imaging mode, different types of imaging can be carried out. The
(retractable) objective aperture situated in the objective lens below the sample
(i.e. in the back focal plane of the upper objective lens) can be selective to either
the direct (central) electron beam for bright field (BF) imaging, or to one or
some of the diffracted electron beams for dark field (DF) imaging.*® BF and DF
TEM imaging are the most used imaging modes for crystalline materials.

Scanning TEM (STEM) is a specific mode of TEM, in which a convergent
electron beam is focused into a narrow spot which is scanned over the sample.
The transmitted electrons are collected at each probe position.*” The main ad-
vantage of STEM (when compared to TEM) is that elemental composition and
atomic bonding state can be directly correlated to the position within an atomic
resolution image. Similarly to conventional TEM, BF and DF are the two main
imaging modes. BF imaging in STEM makes use of a circular detector centered
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on the optical axis, whereas annular DF imaging requires an annular detector
centered around the optical axis. The images of BF and annular DF can be rec-
orded simultaneously. Figure 3.4 illustrates the STEM imaging system.

Probe

P(z,y) (:Eﬁ)

Specimen
O(z,y)

SEEIRPEEs
- W d e e

BF detector ADF detector

Figure 3.4. Representative illustration of the STEM imaging system. BF holds for bright
field and ADF for annular dark field (taken from reference®').

The high angle annular dark field (HAADF) imaging employs an annular
detector with a large radius (high angle) to allow the detection of electrons scat-
tered to high angles. Images with their intensity dependent on the atomic num-
ber Z are obtained using this imaging mode. Because of the difference in atomic
numbers, the HAADF mode is therefore particularly suitable for the imaging of
metallic NPs on oxide substrates.

The electron beam used during TEM/STEM irradiates the surface of the
sample with sufficient energy to produce the emission of characteristic X-rays
from the sample, allowing for an elemental composition study (with energy-
dispersive X-ray spectroscopy (EDX-EDS)) as well. The serial imaging used in
STEM requires the use of long scanning times (10-40 s) compared to conven-
tional TEM (less than 1 s), but STEM allows the collection of different types of
signals. Analysis techniques such as EDX-EDS, electron energy loss spectroscopy
(EELS) and HAADF imaging can be performed simultaneously.*>*’

The TEMs used during this doctoral project were an FEI Tecnai F30ST
operated at 300 kV and a Cs probe-corrected JEOL ARM 200F operated at 200
kV. The obtained images were analyzed using the image] and iTEM software
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packages to determine the NPs surface density and size distribution. Manual
counting of the particle size and distribution was necessary in certain cases to
include the smallest particles (<1 nm) which were not counted by automated
software routines.

It has to be noted that in case of high currents, the electron beam can be
responsible for a change in the NP morphology during imaging. As observed in
our studies, prolonged irradiation results in a ‘smearing-out’ of the NPs by en-
hanced surface diffusion of atoms over the oxide surface. It should also be men-
tioned that the electron beam can accelerate the surface migration of metal at-
oms, as we observed during STEM studies of areas containing single Pt atoms on
an ALOj3 substrate. During our TEM studies, special care was taken to leave the
original NPs shape intact. For example, the series of images were monitored con-
tinuously to make sure that the original shape remained unaltered during acqui-
sition, while also small probe sizes with reduced beam currents were used.

Note about in-situ TEM:

Because NPs can undergo structural and chemical variations in response to dif-
ferent environments (oxidising, reducing) and catalytic reactions, there is an
increasing interest to study supported NPs under “real” conditions. In the last
few years, in-situ TEM became an important field of research, because it enables
the study of the catalysts at conditions close to operation conditions in e.g. catal-
ysis.**

Dedicated in-situ TEMs have been developed by various instrument man-
ufacturers, ranging from unique instruments based on customer-oriented modi-
fications of existing equipment (FEI, Jeol, Hitachi) to commercial products (such
as the FEI Titan ETEM G2 - environmental TEM). These instruments include
gas supplies in a limited volume in the close vicinity of the sample and differen-
tial pumping apertures to maintain good vacuum conditions in the rest of the
microscope column. The gas pressure in the sample area is a few mbar. This op-
tion has several characteristics, being advantageous or disadvantageous depend-
ing on the topic of research: Most of the gas molecules never reach the thin slice
of the TEM sample, and the pressures reached are orders of magnitude lower
than the normal operation conditions of a catalytic process. Whether these TEM
studies are representative of “real” conditions is still under debate. The alterna-
tive approach is to use a “standard” TEM system and include a reactor cell in the
sample holder. In the last few years, several commercial suppliers of various types
of in-situ TEM holders have emerged (Poseidon 200 Liquid Flow Cell, Aduro
TEM holder, etc.).
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Various in-situ TEM studies of nanocatalysts have already been published
in the literature, and therefore contribute to the advancement of this field of sci-
ence. For example, Pt/AL,Os catalyst reduction through calcination was studied
under H, environment. The influence of the reaction temperature was studied in
detail by stepwise heating the sample up to 250°C and monitoring the changes in
the NPs morphology for each step.* (De)hydrogenation and oxidation of crystal-
line Pd nanocatalysts (sputtered on SiN membrane) using a nanoreactor operat-
ed at hydrogen and oxygen gas pressures in the range of 1 bar and temperatures
up to 700 °C has also been studied.**” The possibilities offered by these in-situ
TEM studies can thus lead to valuable knowledge for the catalysis community.

3.3 Characterization of ALD Pd and Pt nanoparticles
morphological properties

In this section, the morphological properties of Pd and Pt NPs prepared by ALD
will be discussed. These properties have been extracted from bright field TEM
studies. Figures 3.5 and 3.6 present BF TEM images showing the nucleation and
growth of Pd and Pt, respectively, on Al,O; substrates as a function of the num-
ber of ALD cycles. The ALD recipes described in the experimental section 3.2.2
were used.
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Figure 3.5. BF TEM images of the nucleation and growth of Pd presented as a function of
the number of ALD cycles (indicated in the upper right corner of each image). The sub-
strates used were ALO; covered SisNsmembranes. The scale bar is 50 nm in every image.
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Figure 3.6. BF TEM images of the nucleation and growth of Pt presented as a function of
the number of ALD cycles (indicated in the upper right corner of each image). The sub-
strates used were AL,Os covered SisNysmembranes. The scale bar is 50 nm in every image.

3.3.1 Crystallinity and shape

Both Pd and Pt ALD start with the formation of discrete nanoparticles (NPs).
The differences in grey scales between the different Pd and Pt NPs in the TEM
images presented in Figure 3.5 and Figure 3.6 are due to diffraction contrast,
demonstrating the fact that the NPs obtained are crystalline. The differences in
intensity are due to the differences in crystal orientation with respect to the elec-
tron beam. At the magnifications used in these BFTEM studies, these NPs seem
to have a circular shape. However, considering their limited size, atomic resolu-
tion TEM studies would be needed to reveal their actual projected shape. Graz-
ing-incidence X-Ray diffraction studies carried out on Pd thin films of 15 nm
revealed that the Pd films deposited using our process had the face-centered cu-
bic (fcc) crystal structure. No evidence for texture was present in such a thin film
implying that the initial stage of ALD starts with randomly oriented particles.
Thus, even if the particles have a faceted morphology exhibiting the most com-
mon facets, i.e. {111} and {100}, these facets may still not be recognizable in the
projection into a BFTEM image because of their random orientation. In addi-
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tion, the projected circular shape in the TEM images may indicate a half-
spherical shape of the NPs, but it is presumptuous to precise a 3D shape without
any other data than these (top view) images. It would require either high resolu-
tion STEM tomography or imaging of NPs deposited on 3-D substrates to obtain
more information on the actual 3-D shape. For example, Figure 3.7 shows a
HAADEF-STEM image of Pt NPs supported on the tip of an ALOs coated GaP
nanowire. The large particle at the extremity of the nanowire is a gold particle,
which is used during the growth process of the nanowire.

Figure 3.7. BF-TEM image of Pt NPs supported on the tip of an ALOs coated GaP nan-
owire.

The NPs seem to present a semi-spherical geometry, but the precise 3D shape
(e.g. semi-spherical) and faceting of the ALD prepared NPs strongly depend on
the substrate surface and other parameters (e.g. gas environment, impurities) and
might considerably change with the NPs growth.”® The determination of these
properties after a precise number of ALD cycles was not a primary focus of our
study. Some insights can also be obtained from the ALD literature. For example,
ALD of Pt has been carried out in order to deposit Pt NPs on SrTiO; (STO)
nanocuboids, and it has been shown that the NPs are crystalline and grow epi-
taxially.**>° The orientation of the facets has been found to be consistent with the
surface free energies of the materials and corresponds to the lowest energy of the
system. Sairanen et al. found that Pt NPs supported on carbon present a hexago-
nal shape for consistency with the projection of thermodynamically ideal cub-
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octahedron.”® Therefore, these NP shapes are expected to be stable even under
catalysis and different environments conditions. Changing the surface energies of
the substrate would change the faceting (e.g. ratio of exposed Pt(111) to Pt(100)
facets) which could change the overall catalytic performance.*

Xie et al. grew Pt NPs onto TiSi, substrates by ALD and observed multiple
twinned NPs, exposing a large number of (111) surface atoms (see Figure 3.8).%
This indicates that the shape of NPs can strongly depend on the underlying sub-
strate.

Lei et al. prepared Pd NPs on TiO, and on porous carbon substrates. The

NPs were found to be crystalline and faceted, and showed lattice fringes con-
25,53

sistent with the d-spacing for the Pd (111) plane.

Figure 3.8. HRTEM image of multiple-twinned Pt nanoparticles deposited on TiSi> by
ALD. (a) A 5-fold twinning effect is observed in the high-resolution TEM image with zone
axis (110). (b-d) High yield of multiple twinned Pt nanoparticles (taken from Reference™).

91



Chapter 3

3.3.2 Size evolution

The NPs grow with the increase of the number of cycles. The NP size can there-
fore easily be tuned by changing the number of ALD cycles. After a few hundreds
of cycles, the NPs merge and finally coalesce to form a closed film. A change in
contrast between different NPs can be observed for both Pd and Pt NPs. This is
primarily due to differences in crystal orientations with respect to the electron
beam.

Many interesting properties of NPs can be extracted from the TEM images
presented in Figures 3.5 and 3.6. Figure 3.9 presents the surface density evolution
of Pd and Pt NPs as a function of the number of ALD cycles. The typical density
shows a sharp initial increase to reach a maximum value of around 10'*> NPs/cm?
for both Pd and Pt NPs. This density subsequently decreases with the coales-
cence of the single NPs. It is known from the literature that metal NPs prepared
by PVD techniques generally present a maximal density between 10'° and 10"
NPs/cm?>*” This maximal density of NPs is very typical for PVD and is basical-
ly linked to the deposition rate and the hopping rate of the adatoms.’>”>° This
value is in good agreement with the maximal density values observed during
ALD which are in the range of 10'> NPs/cm? Note however that this density val-
ue concerns the particles which are visible in our TEM images and can thus de-
pend on the resolution of the instrument. Sub-nanometer sized particles (such as
individual atoms or clusters of a few atoms) may not be discernable or accurately
measurable using an uncorrected STEM such as the FEI Tecnai F30ST used for
this study. Thus, only the NPs with a diameter larger than 0.5 nm have been con-
sidered.
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Figure 3.9. NP surface density evolution as a function of the number of cycles for (a) Pd
and (b) Pt ALD as determined from the TEM images presented in Figure 3.5 and 3.6. The
error bars correspond to the standard deviations and are given when different images of
the same sample have been analyzed.

The size of NPs (the diameter for the case of circularly shaped NPs) is an
important parameter for their final application in catalysis. To get more insight
into the differences observed in Pd and Pt NPs prepared by our ALD processes,
their size distributions as a function of the number of ALD cycles have been
studied and are presented in Figure 3.10. The data have been obtained by meas-
uring the diameter of each NP present in the image and by subsequently catego-
rizing the NPs in different diameter sections with an 0.5 nm interval. The area
studied depends on the resolution of the TEM image. For example, for the stud-
ies based on Figures 3.5 and 3.6, the area studied was approximately 0.4 pm? per
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BFTEM image. In general, the data have been obtained from and averaged over
three images.

50 T T T T T T T
(a) - —m— 50 cycles
—e— 100 cycles
40 ° 150 cycles
I 200 cycles
& / \ —o— 300 cycles
= 30F s / \ J
G L ,. \ [ ]
5 / \ SN
E=] | \ [ ] L]
£ 20 - | Uy \ A
S [ /0 o / \
=4 | \ ¢ \‘
. \
o [/ \ / \ 1
.,-’" \ \. .\
L] v .\
0 A s B o B-m o : —9-—pn .
0 1 2 3 4 5 6 7 8
Diameter (nm)
40 T T T T T T
(b) —A— 60 cycles
? ®— 80 cycles
3ok || —m— 100 cycles |
w I
o I
= |' |
S | |
5 20F | | .
£ [ |
Z ‘4
oL
wof | : ;:A\‘\c..,o .
A \
l - :" \r.i"'\' N n
| [ .
.'} AL, o, u-®
0 L 1 i W N -
0 2 4 6 8 10 12

Diameter (nm)

Figure 3.10. Size distribution of (a) Pd NPs and (b) Pt NPs determined from the TEM
images presented in Figure 3.5 and 3.6.

The nucleation of both Pd and Pt ALD results in nano-sized particles,
which are often desired for heterogeneous catalysis applications. Pd ALD results
in a unimodal and very narrow size distribution of NPs. The narrow size distri-
bution of the Pd NPs obtained is particularly relevant for catalysis, since a precise
NP diameter is often desired in order to obtain a high activity or selectivity. It is
very plausible that the growth rate for NPs and thin films is different as they are
likely ruled by different mechanisms. Furthermore, the process was optimized
for thin film growth meaning that the growth for the NPs was even not fully sat-
urated. The Pd NP diameter can be easily and precisely tuned from 1 to 5 nm by
simply increasing the number of ALD cycles. In fact, the average diameter of the
Pd NPs increases at a rate of ~0.014 nm/cycle. This corresponds to a radial
growth rate of ~0.007 nm/cycle. This NP radial growth rate can be compared to
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the film growth rate. The film growth rate normally obtained with this Pd pro-
cess has a value of ~0.017 nm/cycle (see Chapter 4 for details), which is substan-
tially higher than the NPs radial growth rate observed. The Pt ALD process, on
the other hand, results in NPs with a much broader size distribution (compared
to the Pd NPs). The average diameter of the Pt NPs increases at a rate of ~ 0.08
nm/cycle, corresponding to a radial growth rate of ~0.040 nm/cycle. This is only
slightly lower than the film growth rate of ~0.045 nm/cycle normally obtained
with this process.”>®® Summarizing, the Pd and Pt NP growth behavior and size
distributions present considerable differences. Those differences can possibly be
related to the process conditions (e.g. precursor exposure, temperature, co-
reactant), but also to the substrate surface properties (e.g. presence of polluting
ligands). In fact, the NP growth strongly depends on the surface chemistry of the
process, which affects the diffusion of adatoms and the NP growth. The physical
mechanisms and processes taking place at the surface during nucleation will now

be described.

3.4 Physical mechanisms and processes taking place

during nucleation

The nucleation of metals during ALD on oxide surfaces begins with the for-
mation of isolated NPs. The growth mechanism includes the adsorption of pre-
cursor molecules at the substrate surface (see section 3.4.2) followed by the diffu-
sion of metal adatoms to form clusters or to join growing NPs (see the sections
3.4.3 and 3.4.4). The formation of these islands is mainly due to the difference in
surface energies between the substrate and the material deposited, as described
below.

3.4.1 The island growth mode

Thermodynamically, the surface energy (or surface tension) is defined as the
reversible work required to create a certain surface area (by cleavage).®! If the
interatomic bonds of a material are strong, the surface energy is high because the
bulk cohesion is high. Typically, strongly bonded metals have high surface ener-
gies. Depending on the material, this surface energy can be anisotropic and thus
is different depending on the surface orientation.®*%

Under thermodynamic equilibrium conditions, the growth mode of a film
depends on the surface energies of the substrate (y;) and of the deposited materi-

al (ym), as well as on the interfacial energy (y;). The growth mode is related to the
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magnitude of Ay, where Ay = ym + Vi — V5. Thermodynamically, the initial stage
of film deposition can occur by the following three different modes (as depicted
in Figure 3.11):%%6*

a. Frank-van der Merwe (“layer growth”): the adsorbate material forms a
complete monolayer before a second layer starts. This growth mode takes place
when Ay < 0.

b. Volmer-Weber (“island growth”): the adsorbate forms 3D islands on the
surface. This growth mode takes place when Ay > 0.

c. Stranski-Krastanov (“layer plus island growth”): the adsorbate forms
first monolayers and then 3-dimensional islands with the increasing thickness.
This growth mode takes place when Ay ~ 0.

(a) Franck-van der Merwe (layer by layer growth)

(b) Volmer-Weber (island growth)

(c) Stranski-Krastanov (layer plus island growth)

Figure 3.11: Schematic representation of the three growth modes: (a) Frank-van der Mer-
we (layer by layer growth); (b) Volmer-Weber (island growth) and (c) Stranski-Krastanov
(layer plus island growth).
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Typically, the Frank-van der Merwe and the Stranski-Krastanov modes
take place when a lower surface energy film is deposited on a larger surface ener-
gy substrate (ym < ys). The adatoms arriving at the surface migrate to form 2D
islands usually shaped as fractals, which expand by capturing other migrating
adatoms until forming a monolayer or a layer and islands. The Volmer-Weber
mode, resulting in the growth of 3D islands, basically occurs when the deposited
material surface energy is larger than the substrate one (ym > ys).”**%* The sur-
face free energy of metals is usually larger than that of oxides,” therefore the
Volmer-Weber growth mode takes generally place during the deposition of met-
als on oxide substrates.’®*

For example, the surface energy of ALO; is typically comprised between
650 and 925 mJ/cm?,5% whereas the surface energies of metals Pd and Pt are
respectively ~1200-1500 mJ/cm? and ~1400-1700 mJ/cm?* depending on the crys-
tal orientations.*~%® The surface energies can also be seen as the binding energies
between atoms. This so-called cohesive energy protects the NP from dissocia-
tion. Pd has a cohesive energy value of 376 kJ/mol (corresponding to 3.89
eV/atom), whereas Pt has even a higher value of 564 kJ/mol (corresponding to
5.84 eV/atom).” Thus, thermodynamically, NPs in which atoms are closely
packed together are in general likely to be formed in order to reduce the total
free energy of the system. NPs preferably form a compact shape, as the atoms at
the edge find thermodynamically stable positions and form closely packed struc-
tures through faceting (e.g. octahedron).” However, the principle of energy min-
imization is usually not sufficient to predict the exact growth of a material, espe-
cially when considering that the deposition does not take place under thermody-
namic equilibrium conditions. Therefore, kinetics related to the deposition pro-
cess parameters must also be considered. The early stage of NPs growth involves
the arrival and accommodation of adatoms at the substrate surface and their dif-
fusion. Using conventional physical vapor deposition (PVD) techniques (e.g.
vapor condensation), the metal atoms are typically deposited uniformly over the
whole oxide surface, and by surface diffusion they first form 2D islands, and then
3D islands with a certain contact angle and shape. During ALD, the deposited
metal atoms are likely to initially form islands as well, as has been observed for
Pd and Pt ALD on ALO;s substrates (see the TEM images presented in Figure 3.5
and Figure 3.6). The compact NP shape seen for Pd and Pt NPs is probably the
sign that the atomic diffusion along the NPs edges plays also an important role.

The ALD reaction mechanisms are different at these catalytically active is-
land surfaces when compared to oxide surfaces. Because the catalytic activity of
the noble metal surfaces enables the decomposition of the incoming precursor
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molecules, the deposition of metal atoms is enhanced at the noble metal island
surfaces with respect to the oxide surfaces. This leads to an enhanced 3D island
growth.

The island growth observed during metal ALD on oxide is therefore a
combination of a Volmer-Weber growth mode related to the surface energies,
and of an enhanced 3D island growth related to reaction mechanisms such as the
catalytic enhancement of certain ALD reactions. This island growth throughout
the ALD process will be further discussed in 3.4.3 where the diffusion processes
are described.

3.4.2 Initial reactions between the precursor molecules and the ox-

ide surface

The first aspect to take into consideration is the interaction between the precur-
sor molecules and the oxide substrate surface. The precursor molecules, when
physisorbed at the surface, can diffuse and then potentially react with surface
groups in order to get chemisorbed.

For example, let us consider the cases of Pd and Pt ALD on a starting ox-
ide surface. For Pd ALD, it is commonly accepted that the Pd(hfac), precursor
reacts with hydroxyl groups, to create one Pd(hfac) molecule at the surface and
releases one Hhfac molecule to the gas phase.”"’* For Pt ALD, the methyl ligands
of the MeCpPtMe; precursor are expected to initially react with the surface hy-
droxyls groups as well, leading to the formation of CH4.**” These chemical reac-
tions, which are taking place between the precursor molecules and the surface
groups, form the first step of film growth by ALD on the oxide surface. The fact
that precursor molecules react chemically with the substrate surface groups im-
plies that their diffusion is limited afterwards. Then, the pump/purge step ap-
plied at the end of the first half-cycle removes the excessive amount of precursor
molecules, leaving only the molecules which reacted with the surface groups.
This ensures the self-limiting nature of the first half-reaction.

After the initial precursor adsorption and purge/pump steps, the coreac-
tant is introduced in order to remove the ligands and to reduce the metals to
their metallic state. Considering the specific case of Pd ALD from Pd(hfac),, the
H, plasma (or the commonly used formalin) co-reactant effectively removes the
precursor hfac ligands and reduces the Pd(II) to Pd(0) state, leaving single Pd
atoms at the substrate surface.”’”*” Because Pd has a very strong affinity to hy-
drogen, it is plausible that H atoms remain chemisorbed at the Pd single atoms
and clusters surfaces.®”® However, it is also known that hfac ligands strongly react
with the alumina substrate and remain present even after the co-reactant and
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pump step, and these remaining ligands can pollute the alumina surface.”””® For
Pt ALD, it is known that the use of oxygen as co-reactant combusts the ligands
effectively, releasing CH4, CO; and water. The ALD cycle finally results in the
deposition of Pt single atoms with chemisorbed O atoms, and the species formed
are a mixture of PtO and PtO, molecules. The majority of PtO and PtO, are then
reduced during the precursor adsorption due to the precursor ligands in the next
cycle.*”737 Ligands pollution can also happen for Pt ALD, but probably to a less
extent than for Pd ALD.”

Subsequently, the diffusion of the adatoms over the substrate surface ena-
bles the formation of NPs to take place and influences their resulting morpholo-
gy. Thus, in order to elucidate the processes behind the formation of NPs, the
focus is now on understanding the surface diffusion processes taking place dur-
ing the nucleation stage of ALD.

3.4.3 Surface diffusion of metal atoms and formation of NPs

The first ALD cycles likely lead to atoms at the substrate surface. The basic kinet-
ic approach to describe the surface diffusion processes of individual adatoms
uses the Arrhenius form. These atomic surfaces processes are regulated by the
surface diffusion coefficient D which can be expressed by

va?
D= TGXP(—AEa/kBT)

Where v is the vibrational frequency or hopping attempt frequency, a is
effective hopping distance between sites (0.2-0.5 nm),”” AE, the potential energy
barrier from site to site, ks the Boltzmann constant and T the substrate tempera-
ture.””® For an adatom on a surface, the hopping attempt frequency v (also
called vibrational frequency) is in the order of 10" .7

At low surface coverage, the adatoms move mainly by hopping from one
site to another by surmounting an energy barrier AE,. It is known from literature
that isolated atoms of metals such as Pd or Pt on oxide and metal surfaces are
highly mobile at room (and ALD) temperature, due to the low hopping activa-
tion energies AE, which are in the range of 0.3-0.5 eV (for Pt and Pd atoms on y-
AL O; surfaces).®'"** Thus, these single adatoms can diffuse over the surface and
undergo several processes. Figure 3.12 illustrates these atomic processes taking
place during nucleation and growth on the surface. These atomistic processes
include capture at special sites such as kinks, steps or vacancies,* but also bind-
ing of atoms which can imply the nucleation of clusters. Another important pro-
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cess is the capture by existing clusters or NPs. The hopping mechanism from one
site to another can take place on the oxide substrate surface or at the surface of
the islands of metal atoms. The atoms can also diffuse along the island edges or
“jump” on the island top. Furthermore, interdiffusion mechanisms (such as
atomic or vacancy exchange) can also take place during the island restructuring
and growth. Other possibilities are the atomic dissolution into the substrate and
re-evaporation, but those processes are unlikely under ALD conditions.*®

Surface diffusion Accommodation Binding Surface diffusion Interdiffusion
at the substrate at special sites at the NP

fvi—-—b

Figure 3.12. Schematic diagram of atomic processes taking place during nucleation and
growth on surfaces. Adatoms are likely to accommodate at special sites at the substrate sur-
face such as kinks or steps. Surface diffusion of the adatoms can take place at the substrate
surface, and at the NPs edges or surfaces. Interdiffusion within the NP is also possible.

When the deposited atoms meet each other, they form dimers or trimers,
and become larger 2D islands when more atoms join. It is known from the litera-
ture that isolated adatoms of metals as Pt or Pd on oxides can diffuse rapidly
from site to site across the oxide until finding a metal cluster.®" If the metal ada-
toms deposition rate is constant, the surface diffusion dictates the average dis-
tance that an adatom moves at the surface before meeting another adatom to
create a new island or joining an existing island.*® These 2D particles can grow
laterally, but also vertically to form 3D islands. The small islands shape is the
result of the close-packing of atoms around the central atom, and the very small
clusters rearrange themselves into a new structure when an atom is added. For
example, trimer forms an equilateral triangle and with the increasing number of
atoms, multiple and more complex structures can be found. The formation of
closely packed structure such as cuboctahedron is likely to happen because of the
reduced surface energy of the system. Interestingly, the formation of exceptional-
ly stable clusters can take place for a specific number of atoms, when electronic
and geometric “shells” are optimal (“magic clusters”).8>”

As mentioned earlier, Pd and Pt clusters grow in a 3D structure due to
strong metal-metal binding energies that overcome metal-surface interactions.*
The growth in height of the NPs can be the effect of several mechanisms. Firstly,
it can occur if atoms from the substrate surface diffuse upwards along the parti-
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cle side facets. The diffusion of atoms over the surface of the NP or within the
NP allows for a process of minimization to reduce the total surface free energy.
Secondly, when the precursor molecules are exposed to the substrate surface,
they do not only react at the surfaces of the oxide, but also on the facets of the
NPs, and thus enable the deposition of metal atoms directly at the NPs top. As
mentioned earlier, an increased vertical growth takes place because of the higher
deposition rate at the NPs surfaces than at the oxide surfaces due to the catalytic
nature of the NPs.

Surface diffusion processes can be affected by specific aspects of the ALD
process. Logically, each ALD process has specific conditions such as, for example,
the temperature, the pressure, or the use of plasmas. Those process parameters
can considerably change the diffusion possibilities. We believe that the diffusion
of newly deposited metal atoms can be hindered if ligands or carbon contami-
nants pollute the surface, and this may affect the adatoms diffusion length and
the probability to form new islands. Furthermore, the species deposited or
formed may undergo changes during the ALD cycle and this affects the diffusion
rates. For example, Pd and Pt materials are known to be able to adsorb H and O
atoms,*>**”¢ which can modify the properties of the NPs such as their diffusion
rates. In Pt ALD, the PtO and PtO, species (formed after the first cycle) have a
different diffusion rate than the Pt atoms (formed after the introduction of the
precursor).”*8

Also, different substrate surfaces will influence the diffusion processes.
Substrates are not ideal and perfect, they can have roughness or can be 3D struc-
tured, and they can have multiple defects and steps which are difficult to predict.
The spatial distribution of clusters on perfect surfaces is typically not random,
because their formation tends to be less likely in the immediate vicinity of exist-
ing clusters. However, especially when considering amorphous substrates which
present numerous defects/steps randomly distributed that can act as nucleation
sites, NPs can be located at these more random specific defects/steps at the sur-
face. It is important to note that ALD allows for the tuning of the NPs density
using some process modifications, for example by applying surface treatments®

or by increasing the co-reactant pressure or composition.”>*-%?

3.4.4 NPs growth and ripening

After the initial NPs have formed, the NPs can proceed growth by different
mechanisms. First, the NPs logically grow with the addition of newly deposited
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atoms on their surface or in their vicinity (through adatoms diffusion towards
the NPs). This “growth from adatoms” is depicted in the Figure 3.13a. Then, up-
on further growth, the NPs can meet each other and merge, leading to bigger
NPs as well. This merging process is shown in Figure 3.13b.

(a) Growth from adatoms (b) Merging

(c) Smoluchowski ripening (d) Oswald ripening

AN /v

- <« «

Figure 3.13. Nanoparticle growth from (a) adatoms, (b) Merging, (c) Smoluchowski ripen-
ing and (d) Ostwald ripening.

In addition, the NPs can diffuse as well over the surface. The ripening of
NPs can occur through the displacement of individual atoms, sections of the
cluster, or the entire cluster moving at once.”” Thus, the NPs deposited on a sur-
face can also grow by ripening processes which do not involve the arrival of new
adatoms: the Smoluchowski ripening (depicted in Figure 3.13c) and the Ostwald
ripening (depicted in Figure 3.13d).59+%7

The Smoluchowski ripening is the migration or diffusion of the whole NP
at the surface, which eventually results in the merging of NPs. The particle diffu-
sion process is characterized by the displacement of the center of mass of a parti-
cle. In general, smaller particles (clusters) diffuse faster than bigger particles.”
The coalescence of two islands typically results in the formation of one island
which restructures its shape in order to reduce its surface energy. The Ostwald
ripening can be seen as the net diffusion of atoms from small NPs to larger NPs,
resulting in the redistribution of mass between NPs. As a result larger NPs will
grow at the expense of smaller NPs. This thermodynamical process also leads to
a reduction of the surface energy of the NPs.*** Thus, the ripening processes are
in favor of the formation of large NPs,® and the stability of NPs increases consid-

102



Preparation of noble metal nanoparticles by ALD: preparation details, analysis
and physical mechanisms

erably with their increasing size. Such ripening processes may also take place
during ALD nucleation. If these surface diffusion processes are important, a large
part of the oxide surface can be re-exposed to incoming precursor molecules and
new nucleation events can occur.

The narrow size distribution of Pd NPs observed in Figure 3.5 can be an
indication that Ostwald ripening, based on the diffusion of atoms at the surface,
is probably not an important phenomenon in this ALD process. This hypothesis
is in agreement with the possibility that the surface is covered with polluting lig-
ands during Pd ALD, which can hinder surface diffusion processes. Pt ALD is
based on combustion chemistry at 300°C and the removal of the precursor lig-
ands is likely to be more efficient in this process. The preparation of Pt NPs, pre-
senting a broader size distribution (see Figure 3.6), is therefore likely to be more
affected by the surface diffusion of Pt atoms during ALD and thus by potential
Ostwald ripening processes.

As mentioned previously, certain surface reactions can be catalysed at the
surfaces of NPs of noble metal, which tend to cause an increased 3D growth. The
catalytic activity of noble metals can break the bonds of ALD precursor mole-
cules and can therefore lead to a higher deposition rate of metal atoms at the
metal NPs than at the oxide surface. In addition, the catalytic reactions can be
strongly dependent on the particle size, which implies that the type and rate of
these reactions at the noble metal NP surface and in their vicinity change during
the nucleation stage because the NPs grow in size with the number of ALD cy-
cles. Spillover effects can also take place. For example, during Pt ALD nucleation,
dissociative chemisorption of O, occurs on the NPs during the O, pulse, but not
on the oxide.” The O atoms that are formed during that reaction can subse-
quently spillover to the surface and participate in the combustion of precursor
ligands adsorbed at this substrate surface in the vicinity of the NPs. Similarly, Pd
NPs can act as “storage matrix” for H atoms, which can spillover to the surface
and participate in the ALD reactions at the vicinity of the NPs.37® It is therefore
important to differentiate between the reactions that take place on a NP, within
its periphery, and on the oxide surface.

3.4.5 Additional remarks

Even if the number of ALD cycles it takes to form NPs from deposited atoms
depends mainly on the density of metal adatoms and their surface diffusion, the
determination of this number of cycles is not trivial.
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Substantial differences have been observed in the literature. It is likely that
the ALD process and the reactor type used have a considerable influence on the
number of cycles needed to form NPs. For example, it has been reported that Pd
and Pt clusters/NPs of 1 nm were deposited using only 4 and 5 ALD cycles, re-
spectively.®®* This number of cycles is one order of magnitude smaller than for
our results (where 1 nm sized NPs were observed after 50-100 cycles). However
it has to be noted that the precursor time sequences applied were long (more
than 10 minutes just for a half-cycle) compared to the ones we applied in our
studies (1-3 s), and the pressure and temperature applied have been different
than the ones used in this work. In addition, the ALD reactors used had a differ-
ent design. These differences can influence the amount of metal atoms deposited
at the surface, their diffusion and therefore the formation of NPs. We believe that
the number of cycles needed for the preparation of NPs is strongly dependent on
the process parameters such as the precursor exposure (in terms of time and
pressure), and that the saturation conditions during the initial stage of ALD and
during steady-state growth of the film are very different. The processes used in
the present work have been optimized for (steady-state) film growth. It is possi-
ble that they are not in self-limiting saturated conditions for the nucleation stage,
but in “under saturation” conditions. The ratio between the noble metal and the
oxide surface during ALD nucleation is constantly changing. The evolution of
the ratio noble metal / oxide makes it difficult to define the saturation conditions
during this initial stage of ALD. The “under saturation” conditions used may also
be an explanation for the low growth rate of NPs (compared to film growth) that
we observed. We believe that initial long exposures (in terms of time and pres-
sure) of the precursor molecules during the first ALD cycles would enable the
deposition of (much) more metal atoms at the substrate surface. The determina-
tion of the precise saturation conditions at this initial stage requires future re-
search. This research would enable a more efficient deposition of NPs and could
help to determine which precise parameters influence the formation of NPs.

3.5 Conclusions

This chapter provides background information on the ALD processes used in
this work for the preparation of NPs as well as the basics of NP analysis by TEM.
We illustrated the nucleation of metal films by ALD with the specific cases of Pd
and Pt on ALOs surfaces. A physical description of the NPs obtained has been
extracted from the TEM data. Based on literature reports in the field of ALD,
catalysis and surface science, several physical and chemical processes influencing
noble metal nucleation and growth have been presented. The initial reactions
between the precursor molecules and the substrate surface, the atomic-scale sur-
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face diffusion processes, the formation and growth of discrete NPs from ada-
toms, as well as the ripening processes that these NPs can undergo have been
addressed. The relevance of these processes for our ALD processes has been dis-
cussed.

For both Pd and Pt ALD on ALOjs surfaces, crystalline NPs have been ob-
tained which grow in size with the number of ALD cycles. The surface density
obtained using our ALD processes presents a maximum value of ~10'* NPs/cm?,
which is in line with maximum density values obtained with PVD techniques.
The island growth mode obtained for ALD of metals on oxide surfaces is the re-
sult of a Volmer-Weber type growth which is related to the difference in surface
energies between the noble metals and the oxide substrate. However it is also
affected by an enhanced 3D island growth related to the specific surface chemis-
try of the metal ALD processes such as the catalytic decomposition of the incom-
ing precursor molecules at the surface of the noble metals. It has been found that
Pd and Pt ALD result in different NPs growth behaviors and size distributions.
Pd NPs grow slower and present a more uni-modal and very narrow size distri-
bution than Pt NPs. One hypothesis to explain these differences is that surface
diffusion processes such as Ostwald ripening are more likely to happen for Pt
ALD than for Pd ALD. The lower surface diffusion rate during Pd ALD can pos-
sibly be explained by pollution of the oxide surface by remaining ligands, leading
to a slower but preferential ALD growth on the initially formed noble metal NPs
and thus to a narrow size distribution.

The results and studies presented in this chapter indicate that surface dif-
fusion processes play a major role in the formation of NPs and their final mor-
phological properties. We have elucidated what we believe are the most im-
portant processes taking place during the initial stage of Pd and Pt ALD, namely
the interaction between the precursor molecules and the oxide substrate surface,
the surface diffusion of metal atoms and the formation of NPs, as well as the
growth of the NPs themselves. The processes described are likely to happen for
other noble metal ALD systems as well. We believe that a deep understanding of
the surface chemistry and kinetics is required in order to further optimize the
NPs morphology and to develop new ALD processes. In addition, the fact that
Pd ALD yields NPs with uni-modal and narrow size distribution will be exploit-
ed in Chapter 5 and 6 where Pd NPs are used as core material for the synthesis of
core/shell structured NPs.
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Chapter 4

Atomic Layer Deposition of High-Purity Palla-
dium Films from Pd(hfac), and H; and O;
Plasmas*

Abstract: A plasma-assisted atomic layer deposition (ALD) process has been
developed that allows for low temperature (100°C) synthesis of virtually 100%
pure palladium thin films with low resistivity of 24+3 uQ.cm on oxide substrates.
This process is based on Pd(hfac), (hfac= hexafluoroacetylacetonate) precursor
dosing followed by sequential H, plasma and O, plasma steps in a so-called
ABC-type ALD process. Gas-phase infrared spectroscopy studies revealed that
the O, plasma pulse is required to remove carbon contaminants from the Pd sur-
face that remain after the H;, plasma reduction step. Omitting the O, plasma step,
i.e. Pd ALD from Pd(hfac), and H; plasma in a typical AB-like ALD process,
leads to a carbon contamination of >10% and significantly higher resistivity val-
ues. From transmission electron microscopy it has also been observed that the
ABC-type process leads to a faster nucleation of the Pd nanoparticles formed
during the initial stage of film growth. As this novel process allows for the depo-
sition of high purity Pd at low temperatures, it opens up prospects for various
applications of Pd thin films and nanoparticles.

* This work has been published as: M. J. Weber, A. ]J. M. Mackus, M. A. Verhei-
jen, V. Longo, A. A. Bol, and W. M. M. Kessels, The Journal of Physical Chemistry
C, 118 (16), 8702-8711 (2014).



Chapter 4

4.1 Introduction

Atomic layer deposition (ALD) enables film growth with control at the atomic
level due to its self-limiting surface chemistry during alternating precursor and
co-reactant pulses. Therefore, ALD is nowadays considered as the method of
choice to deposit conformal ultrathin films of a wide variety of materials for a
growing number of applications.”” ALD is particularly suited to deposit binary
compounds due to its binary reaction sequence while ternary and other multiple
compound materials can be prepared by combining cycles of individual materials
in a super-cycle fashion. ALD of single-element materials is typically much more
challenging. Viable processes are often lacking, although ALD of several metals,
in particular Pt-group metals, has been reported.’ Another challenge in metal
ALD is the nucleation of the film on certain classes of materials.? In case of metal
ALD on oxides, the nucleation takes typically place through the formation of
islands (Volmer-Weber growth) as can be understood from surface energy con-
siderations. The islands grow cycle after cycle and eventually coalesce to form a
continuous film.®® This nucleation stage, and hence the formation of a closed
film, can take many cycles and therefore limits the viability of ALD for ultrathin
film growth significantly.

Among the metals which are currently receiving interest in the ALD
community is palladium. Palladium thin films have a wide variety of nanoscale
applications. For example, they can be applied as metal contacts’ in nanoelec-
tronics or as materials for energy storage.'” Nanoscale Pd is also of interest due to
it catalytic properties, for example in gas sensing applications.'>'* Many of these
applications, can benefit from conformal deposition by ALD while low tempera-
ture processes are often preferred, especially when temperature-sensitive materi-
als are involved."

ALD of Pd is not trivial and ALD processes with different precursors have
been attempted in recent years. Pd(keim,), (keim, = CF;C(O)CHC(NBu")CF;)
with O, as co-reactant led to metallic Pd films, but with poor adhesion on alumi-
na substrates and, more importantly, without reaching self-limiting growth when
increasing the precursor pulse time.* ALD was therefore not achieved for this
process. ALD based on Pd(thd), (thd= 2,2,6,6-tetramethyl-3,5-heptanedionato)
and Os also led to unsatisfactory results, since the films were non-uniform' and
partly oxidized while they also revealed significant incorporation of precursor
ligand fragments.'® To date, the best results have been achieved with Pd hex-
afluoroacetylacetonate Pd(hfac), (Pd(CsHF¢O,),), which is currently the most
adopted precursor for Pd ALD.”!7!8

Unlike many other ALD processes for Pt-group metals, attempts to devel-
op an ALD process for Pd using Pd(hfac); as precursor and O, as co-reactant
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were unsuccessful. As reviewed by Hamaldinen et al., neither ALD of Pd or of its
oxide, PdO, was achieved by this precursor when combined with O, dosing or
exposure to any other oxidizing agent.'” The presence of fluorine in the precursor
has been suggested as a possible reason.'® Instead, it has been reported that ALD
processes based on Pd(hfac), require a true reducing agent. In the pioneering
work of Senkevich et al., it was shown that Pd can be deposited by an ALD pro-
cess using H; as co-reactant.”” H; is known to dissociate on a Pd surface* and the
dissociated H, can reduce the Pd?>* metal ions to Pd’. Moreover, the H atoms re-
act with the hfac ligands to create Hhfac reaction products in an ALD chemistry

such as:
PdH* + Pd(hfac), > Pd-Pd(hfac)* + H(hfac) (4.1a)
Pd(hfac)* + Hz(g) > PdH* + H(hfac)(g) (4.1b)

where the asterisks (*) denote the surface species. This process was
demonstrated for ALD of Pd on an electron-beam deposited Ir surface and on a
Pd “seed” layer prepared by Pd(hfac), and glyoxylic acid.?’ Actually, the issue
of this process is that it needs a starting surface that can dissociate H, such as an
Ir or Pd surface, in order to initialize ALD growth.

Elam and co-workers demonstrated that the nucleation and growth of Pd
films can be achieved also on oxide surfaces using stronger reducing agents than
H, gas. Using formalin as co-reactant, they successfully deposited Pd films on
AL O3, which were found to be pure and to have good material properties.'® This
Pd ALD process based on Pd(hfac), and formalin dosing was however only effec-
tive at 200°C and did not result in growth at 100°C. It also showed nucleation
difficulties on oxide surfaces. In case of Pd ALD from Pd(hfac), and formalin on
AL O3, the reaction is likely to start with the precursor Pd(hfac), adsorbing at
hydroxyls groups.”'®* Recent studies*?** have shown that this Pd(hfac), adsorp-
tion results in both Pd(hfac)* and Al(hfac)* surface species. The Al(hfac)* spe-
cies act as site blockers for precursor adsorption during the following ALD cy-
cles. This surface poisoning by hfac ligands has been found to be partly responsi-
ble for the long nucleation delay usually observed in Pd ALD.*

An alternative to formalin is to make use of H atoms, for example gener-
ated by a H, plasma. Plasmas, consisting of electrons, ions, radical species and
other excited neutrals, provide additional reactivity to the surface reducing ener-
gy barriers for surface reactions and allowing for processes at lower temperature
than for strictly thermal ALD processes.”> When using a H, plasma as co-
reactant during Pd ALD, it directly provides the H atoms necessary for the Pd to
nucleate and the ALD reactions to occur even on oxide surfaces. Ten Eyck et al.
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successfully demonstrated that the use of plasmas (H, plasmas and H»-N; plas-
mas) allows the Pd nucleation from Pd(hfac), to occur on various surfaces at low
temperatures (80°C).?>*” However, the material resulting from Pd plasma-assisted
ALD process was not characterized in detail in their work.

In this article, the deposition of Pd films on ALO; by plasma-assisted ALD
is further explored. The plasma-assisted ALD process based on Pd(hfac), and H,
plasma dosing, a so-called AB-type ALD process, is first investigated in more
detail than done by Ten Eyck et al. More extensive analysis of the material prop-
erties revealed that the films prepared by this “AB process” contain a relatively
high fraction of carbon. Therefore, a second process was developed which con-
sisted of three reaction steps per cycle. This is a so-called three-step cycle or ABC
cycle, as opposed to a typical, binary AB cycle. The co-reactant step in this
ABC process”  consisted of H, plasma exposure followed by O, plasma expo-
sure. Similar three-step ALD cycles have already been successfully applied for the
deposition of Rh,'® Pt>!>28, Pd" and Ir'>® thin films. However in these cases the
O:-based step was followed by a H,-based step (either H; gas or H, plasma) while
in this work it is the other way around: ALD of Pd is achieved when the H, plas-
ma is followed by the O, plasma. When reversing the order of co-reactants, i.e.,
first the O, plasma and afterwards the H, plasma, no film growth could be
achieved (see Appendix 4.5.1). In addition to a study of the material properties,
revealing significantly improved Pd thin films for the ABC process over the AB
process, gas-phase infrared spectroscopy studies were carried out yielding insight
into the reaction mechanism for this newly developed ABC process. Moreover,
the nucleation of Pd prepared by both the AB and the ABC processes was studied
by transmission electron microscopy (TEM) revealing faster nucleation of Pd on
Al O5 when using the ABC process. It was therefore established that Pd with im-
proved material and process properties can be obtained with the ABC process,
even well below substrate temperatures of 200°C.

4.2  Experimental section

All depositions have been carried out in an home-built open-load ALD reactor,
described elsewhere. Briefly, the reactor chamber is connected to a remote in-
ductively coupled plasma source and a turbomolecular pump through gate
valves. The base pressure was approximately 1x10° Torr. The precursor Pd(hfac),
was obtained from Sigma-Aldrich and used as received. It was dosed with Ar asa
carrier gas from a stainless steel bubbler connected to the reactor which was
heated to 50°C in order to get an adequate vapor pressure. If not specified other-
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wise, the substrate holder was heated to 100°C and the reactor walls were perma-
nently heated to approximately 80-90°C to avoid condensation.

The ALD precursor step, similar for both ALD processes presented here,
consisted of 3 s of Pd(hfac), dosing, which was sufficient to achieve saturation.
An Ar purge step and a pump step of 5 s each were applied directly after the pre-
cursor pulse. For the AB process, hydrogen gas at a pressure of 8 mTorr was sub-
sequently dosed for 2.5 s, followed by a H; plasma at 100 W which was applied
for 5 s. The ALD cycle was completed with a 6 s pump down time. The ABC
process, had the same H, gas and H, plasma step, but subsequently O, gas at 8
mTorr was introduced for 1 s before a O, plasma at 100 W was applied for 1 s.
The O, step was separated from the H, step by a pumping time of 6 s. The reac-
tor chamber was then pumped down for 8 s to complete the ALD cycle.

The depositions were carried out on Si wafers covered with 250 nm ALOs
prepared by ALD. Before each deposition, the substrates were first exposed to an
O, plasma at 100 W for 3 minutes in order to remove the surface C contamina-
tion.

The composition of the films was analyzed by X-ray photoelectron spec-
troscopy (XPS) on a ThermoFisher Scientific K Alpha XPS equipped with an Al
Ka source (X-ray spot 400 pm?). Depth profiling was carried out through Ar ion
sputtering. The elemental composition of the Pd film has been also determined
by Rutherford backscattering spectrometry (RBS) at AccTec B.V. A mono-
energetic beam of 2 MeV “He* ions was used at normal incidence. The micro-
structure of the films was studied using grazing incidence X-ray diffraction (GI-
XRD) with a PANAlytical X'pert PRO MRD equipped with a Cu Ka source (1.54
A radiation). Moreover, the thickness and mass density have been measured by
X-ray reflectometry (XRR) on the same diffractometer. The root-mean square
(RMS) surface roughness was determined over a 2x2 pum? area by atomic force
microscopy (AFM) using a NT-MDT Solver P47 SPM. Electrical resistivity was
measured at room temperature with a Signatone four-point probe (FPP) in com-
bination with a Keithley 2400 sourcemeter acting both as a voltage meter and a
current source.

To monitor the Pd film thickness in-situ during the ALD process, spectro-
scopic ellipsometry (SE) measurements were carried out every 10 ALD cycles
using a J.A. Woollam, Inc M2000U visible and near-infrared ellipsometer (0.7 -
5.0 V) at an angle of incidence of 68°. The SE data were analyzed by modeling
the dielectric functions of the films with a Kramers-Kronig-consistent B-spline
parametrization.’!-3*

Gas phase infrared spectroscopy measurements were carried out with a
Bruker Optics Vector 22 FT-IR, which has a mid-infrared radiation source that
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produces a broad spectrum of infrared light (~4000-350 cm™). The infrared
beam was passed through the ALD reactor through KBr windows which could
be protected by gate valves. At the other side of the reactor, the infrared light was
focused on a liquid N, cooled Mercury Cadmium Telluride (MCT) detector
(Bruker D 313, Range: 10000-750 cm™) using a gold parabolic mirror. See Ref. *
for more details. During the infrared spectroscopy measurements, the reactions
products were trapped in the reaction chamber by closing the gate valve to the
turbomolecular pump. Measurements were carried out with a resolution of 4 cm
! and with 64 scans per measurement. To improve the signal-to-noise ratio data
was averaged over multiple measurements. Every measurement took place after
three full ALD cycles in order to (re)condition the reactor every time. The spec-
tra shown in this work are differential spectra showing the changes after carrying
out one single process step.

The nucleation of the Pd films was studied using scanning transmission
electron microscopy (STEM) using a FEI Tecnai 300 kV system in high angle
annular dark field (HAADF) mode. The substrates used were SisNy TEM win-
dows covered by 3 nm ALOs prepared by ALD. Measurements took place on
samples on which Pd was deposited with a varying number of cycles.

4.3 Results and discussion

4.3.1. Material properties for the AB process

The material properties of the ALD process based on Pd(hfac), and H, plasma
dosing, the so-called “AB process”, were investigated first for a substrate tem-
perature of 100°C. The results are summarized in Table 4.1.
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Table 4.1. Properties of Pd films prepared by plasma-assisted ALD using Pd(hfac),
as precursor and a H, plasma (“AB process”) or a H, plasma followed by a O, plasma
(“ABC process”) as co-reactants. The substrates were Si(100) wafers with 250 nm thick
ALO:; films and the substrate temperature was 100°C. In situ spectroscopic ellipsometry
(SE), X-Ray reflectometry (XRR), atomic force microscopy (AFM), Rutherford backscat-
tering spectroscopy (RBS), X-Ray photoelectron spectroscopy (XPS) and four-point probe
(FPP) measurements were used for analysis of the films. The films were ~20 nm thick,
except for the XPS analysis which took place on films of ~30 nm in thickness.

. Analysis
Properties . AB process ABC process
technique
Growth-per-cycle
o SE 0.17+0.05 0.13+0.05
(A/cycle)
Growth-per-cycl
rowHpereyee RBS (0.9+0.1)x10% |  (0.7+0.1)x10%
(atoms.cm.cycle™)
Mass density
XRR 11.0£0.5 11.7+0.5
(g/cm’)
Resistivity
FPP 48+5 24+3
(nQ.cm)
C content XPS 14+3 <2?
(at. %) RBS 11+5 <5?
RMS roughness AFM 1.0+0.3 1.3+0.3
(nm)
XRR 1.3+0.3 1.4+0.3

* Detection limit of the technique

One of the most striking results is that the films contain a relatively high
C content. RBS, which is generally not very sensitive to light elements such as C
when using 2 MeV “He" ions, yielded a C content of 11+5 at.%, whereas XPS
revealed 14+3 at.%. The XPS depth profiling results, carried out on a film with a
thickness of 41 nm, are shown in Figure 4.1a.
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Figure 4.1. XPS depth profile of the Pd films prepared by ALD with (a) the AB process,
and (b) the ABC process (A: Pd(hfac), precursor step; B: H, plasma step; C: O, plasma
step). The films were ~30 nm thick and the substrates were Si(100) wafers covered with
250 nm thick ALOs; films prepared by ALD. The electron configurations of the electrons
related to the spectral peaks used for composition analysis have been indicated.

The C content is constant over the full thickness of the film showing that
C atoms from the precursor ligands were incorporated in the film during
growth. Extending the H, plasma exposure in the ALD cycle from 5 s to 20 s did
not affect the level of C contamination. XPS revealed also traces of F at the inter-
face between Pd and the AL O; substrate. This points to incomplete ligand re-
moval during the first ALD cycles, possibly related to the presence of Al(hfac)*
surface groups.?*

The resistivity of the Pd films was determined by four-point probe (FPP)
measurements. These revealed a resistivity of 48+5 uQ.cm even for films thick-
nesses up to ~40 nm (Pd bulk resistivity is 9.8 pQ.cm?®). For the formalin-based
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process, Elam et al. obtained a resistivity of 14 uQ.cm for a 42 nm film prepared
at 200°C."® The presence of carbon within the film is likely responsible for the
higher resistivity for the films prepared by the AB process.

GI-XRD measurements were carried out in order to study the microstruc-
ture of the films. The spectrum, shown in Figure 4.2a, revealed that the films had
the face-centered cubic (fcc) crystal structure.

30012 AB process |

200 |' i

Y

%1600 b) ABC process
5 1200} 1
3 I
= 800 | 1
=
g 400 J\ .
£ o A ,
)111)
(200)
(220) (311)
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40 50 60 70 80 90

20 (deg)

Figure 4.2. Grazing incidence XRD spectrum of (a) a 16 nm Pd film deposited by the AB
process; (b) a 15 nm Pd film deposited by the ABC process; and (c) the corresponding Pd
powder spectrum. The substrates for (a) and (b) were Si(100) wafers covered with 50 nm
thick ALO:s films prepared by ALD. All peaks could be assigned to the face-centered-cubic
(fcc) Pd crystal structure. The acquisition time used to generate the spectrum in (a) was 8
hours while that for the spectrum in (b) was 55 hours leading to a different signal-to-noise
ratio.

From the (111) peak full width at half maximum (FWHM), an average

grain size of 4£1 nm was extracted. Furthermore, when compared to the powder
spectrum in Figure 4.2¢, it is clear that the peaks are shifted to slightly lower 26
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angles. The deviation is constant for all peaks implying an isotropic expansion of
the lattice. The calculated unit cell dimension of 0.398 nm is larger than for pure
Pd (0.391 nm) and the incorporation of C atoms in the Pd film can be responsi-
ble for this lattice expansion.””*® Using formalin as co-reactant, Elam et al. ob-
tained pure Pd films with a fcc crystal structure without a peak shift in the XRD
spectrum.'® Ten Eyck et al., on the other hand, obtained amorphous Pd films for
their H, plasma-based process, most likely due to a large C content.? The mass
density of the films prepared by the AB process was 11.0+0.5 g/cm’ (see Table 1),
which is somewhat lower than the mass density of bulk Pd (12.0 g/cm?).*

AFM measurements revealed a RMS roughness of 1.0 nm for a 17 nm
thick film, whereas the RMS roughness was 1.3 nm for a 41 nm. These values can
be compared to a RMS roughness of 4.2 nm for a 42 nm film synthesized by
thermal ALD.'® This demonstrates that plasma-assisted ALD is a technique that
can be used to synthesize smooth Pd films.

From these results it can be concluded that the Pd films prepared by the
AB process contain a relatively high C content. One possible origin of this high
C content is the decomposition of the hfac precursor ligands on the Pd
surface,”** which is catalytically active towards breaking of C-C, C-O and C-H
bonds.**? Previous studies on chemical vapor deposition of Cu(hfac), have
shown that the chemical reactions between hfac and transition metal surfaces are
complex and Cu(hfac), and Hhfac decomposition products (CF;, CO, HF and
fluorine containing fragments) were evident above 300 K on Pt* and Cu® sur-
faces. Lin et al. also observed the decomposition of surface-bound hfac ligands at
300 K on Cu, leaving small amounts of graphitic carbon at the surface.* Most of
these decomposition products should desorb from the surface around 300 K,*
but there are potentially some C containing reaction products that remain. Ap-
parently the H, plasma is not effective in fully removing these C species from the
surface. Another possible reason for the C contamination in the films is that the
volatile reaction products are dissociated in the H, plasma and redeposited on
the surface during the plasma step.*> However, it was verified that the (thermal)
process based on Pd(hfac), and H, gas, carried out on a Pt seed layer, also con-
tained a high C content (and overall similar material properties) as the AB pro-
cess with H, plasma (see Appendix 4.5.2). This indicates that decomposition of
the hfac ligands at the Pd surface is mainly responsible for the C contamination
observed.

4.3.2. Material properties for the ABC process

As O; plasmas are known to be very effective for the removal of organic contam-
inants on various surfaces, it is plausible that an O, plasma would be more effi-
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cient in removing the C atoms from the surface. O, plasmas have already been
used as co-reactant in other ALD processes of Pt-group metals such as Pt and
Ru.>>* Due to the high reduction potentials of the Pt-group metals, O, plasma-
based processes can still yield metal films and not their oxide counterparts.*’
Moreover, a potential oxidized surface (region) can be reduced by precursor
ligands during the next precursor dosing step. Therefore, a new ALD process
was developed in which the H, plasma was followed by an O, plasma. This so-
called “ABC process” is identical to the H, process with the exception that there
is an additional O, plasma step after the H, plasma step. The idea behind this
process is that the majority of the hfac ligands are removed by the H, plasma,
after which the remaining C atoms are eliminated from the surface by the O,
plasma. Potentially oxidized top atomic layers can be reduced during the next
cycle. The material properties resulting from this ABC process were again inves-
tigated for a substrate temperature of 100°C and are summarized in Table 1.

With RBS no C could be detected in the films above the detection limit
(~5 at.%) of the technique while the XPS depth profiling results shown in Figure
1b revealed only a small C signal on top of the film, most likely adventitious car-
bon resulting from the air exposure of the samples. No C could be detected in
the bulk of the film above the XPS detection limit of ~2 at%. Similar to the AB
process, again traces of F were found at the interface between Pd and the ALOs,
most likely due to Al(hfac)* surface groups that poison the ALOs surface. It is
also noted that no O could be detected in the films showing that the films are
virtually 100% pure Pd. These results indicate therefore that the additional O,
plasma is very effective in removing C from the surface and that the ABC pro-
cess is able to deposit high-purity Pd films.

A higher purity of the films also showed an effect in the FPP measure-
ments which revealed a resistivity of 24+3 uQ.cm. This resistivity is two times
lower than the one obtained with the AB process (48+5 puQ.cm). The improved
resistivity can also (partially) be attributed to a difference in microstructure of
the Pd films. The GI-XRD spectrum, shown in Figure 4.2b, revealed a fcc crystal
structure. This spectrum clearly differs from the powder spectrum in Figure 2c.
Firstly, the (111) peak in Figure 4.2b has a much higher relative intensity than it
would have in the case of absence of texture (Figure 4.2c). This peak is present at
~40°. In the GI-XRD measurement geometry used, we detect the (111) planes
that are oriented ~20° away from the substrate surface orientation. The high in-
tensity combined with the ~20° angle with respect to the surface normal implies
a broad distribution of (111) orientations around the surface normal, i.e. an im-
perfect (111) texture. Secondly, the (111) peak is much sharper than the other
peaks, implying that the (111) oriented grains have a larger average grain size (of
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164 nm) than the crystals with other orientations. This grain size is significant-
ly larger than the grain size obtained for the H, process. Summarizing these ob-
servations, we can conclude that in this thin layer a clear onset to (111) texture is
present. Still, all peaks present in the powder spectrum are also present in Figure
4.2b, implying that part of the ensemble of crystals has random orientations.
Possibly, this contribution is coming from the nucleation layer. The value of the
unit cell dimension of 0.390 nm, extracted from the peak positions, is also a
proof of an improved crystallinity of the films. The RMS roughness value ob-
tained from AFM measurements was 1.3+0.3 nm for a film thickness ~20 nm.
From these results, it can be concluded that the ABC process leads to improved
material properties compared to those obtained by the AB process.

4.3.3. Gas-phase infrared spectroscopy

In our previous work, gas-phase infrared spectroscopy was found to be a power-
ful method to obtain understanding of the surface chemistry during Pt ALD.?*8
Therefore, the method was employed here to obtain information on the reaction
products created in the various steps of the ALD cycle of the ABC process and
hence to gain insight into the reaction mechanisms taking place. As outlined
earlier, it is expected that the H, plasma removes the majority of the hfac ligands
present on the surface after Pd(hfac), dosing but that the O, plasma is necessary
to eliminate all C atoms remaining on the surface after the H, plasma step. The
gas-phase spectra recorded for the ABC process are depicted in Figure 4.3.
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Figure 4.3. Differential spectra obtained by gas-phase infrared spectroscopy for (a) the

Pd(hfac), precursor and (b) the various steps in the cycle of the ABC process: the Pd(hfac),

step; the Ha plasma step; and the O, plasma step. The resolution was 4 cm™ and every spec-

trum was averaged over 3 ALD cycles with 64 scans per measurement. The main absorb-
ance peaks have been assigned in the graph. The inset in (a) shows the Pd(hfac), precur-
SOI.

These are differential spectra showing the change in gas phase species
after one single step of the ALD process. The substrate and the reactor walls were
all heated to 100°C. Figure 3a shows the spectrum corresponding to the precur-
sor molecules. This “precursor only” spectrum was obtained after dosing the
precursor into the reactor chamber after making sure that the surface was com-
pletely saturated with precursor species. The spectra in Figure 4.3b show the gas
phase species as present in the reactor chamber after carrying out the three steps
of the ALD cycle for the ABC process, i.e., the precursor/reactant molecules as
well as the reaction products released from the surface during the Pd(hfac), dos-
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ing step, the H, plasma step and the O, plasma step. Prior to the measurements,
at least three cycles of the ABC process were carried out in order to condition the
reactor while the data in the spectra were averaged over three cycles to improve
the signal-to-noise ratio. Extended pulses and measurement times were also re-
quired, not only for a good signal-to-noise ratio, but also to ensure that the film
growth on the reactor walls was saturated (and not only on the substrate holder).
The precursor-only spectrum in Figure 4.3a shows several absorption peaks in
the region 1100-1350 cm™, which can be attributed to CF; symmetric and
asymmetric stretching vibrations.**® The peak present at 1108 cm™ can be as-
signed to the bending vibration of C-H.”**! The other peaks visible in the region
between 1450 and 1700 cm™ are due to the stretching vibrations of C=C*#!
and C=0.7"! All these absorption peaks result from the Pd(hfac), precursor.
The spectrum recorded after the precursor pulse in Figure 4.3b, which was taken
as part of a sequence of full ALD cycles, shows CF; symmetric and asymmetric
stretching vibrations, very similar to those as observed for precursor-only. These
are a signature of the precursor and they imply that Pd(hfac), dosing reached
saturation because not all precursor molecules were consumed. The spectrum
also shows a peak due to CO; at 2360 cm™ wavenumbers. The O atoms in the
CO; can stem from the precursor itself but also from oxidized top atomic layers
after the O, plasma step from the previous ALD cycle. The ligands of the incom-
ing precursor will oxidize when they react at the PdO* surface, while reducing
the oxidized top atomic layers at the same time. This is similar to observations by
gas-phase infrared spectroscopy for the Pt ALD process from MeCpPtMes and
O, gas.®®

The spectrum after the H, plasma step also shows a strong signal in the
region of 1100-1350 cm™ mainly related to CFs stretching vibrations. The signa-
ture of the peaks is slightly different from those observed for precursor-only and
for the precursor dosing step. Likely these absorption peaks can be related to
Hhfac reaction products created during the H, step but they can also potentially
be due to fragments of the ligand that contain C-C, C-H, C-O or C-F bonds.*®
Such fragments can originate from ligands that get dissociated in the plasma or
decomposed at the catalytic Pd surface.**** Furthermore broad absorption bands
are present in the regions around 1570 cm™ and 3780 cm™ which can be attribut-
ed to the formation of H,O during the H, plasma step. These, as well as the CO,
absorbance peaks around 2360 cm™ indicate the presence of O atoms at the sur-
face after the precursor step. The O atoms could originate from the precursor
ligands themselves or they can be a remnant of the O, plasma step in the previ-
ous ALD cycle. For example, the reduction of the oxidized top atomic layers
might not yet be complete after the precursor dosing step.
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The absorbance spectrum recorded after the O, plasma pulse clearly
shows the release of H,O and CO; reaction products from the surface. This spec-
trum confirms the necessity of using an O, plasma step after the H, plasma step.
The relatively large absorption peak of CO, shows that a significant fraction of
the hydrocarbon fragments remaining from the precursor ligands were not elim-
inated during the H, plasma step. If the O, plasma step would have been omitted
(i.e., the AB process), these C species would have remained on the surface and
would have been incorporated into the Pd film after one cycle. This implies that
the precursor fragments that are left after the H, plasma step pollute the surface,
and thereby increase the C contamination within the film deposited with the H,
plasma-assisted process. The observations therefore confirm that the use of an
O, plasma step after the H, step is essential for decreasing the C content and
hence for depositing high purity Pd films by plasma-assisted ALD.

4.3.4. Nucleation and steady-state film growth

As mentioned in the Introduction, the nucleation of metal films by ALD can be
manifesting itself by island growth and a long delay before film closure is
achieved. Therefore, the nucleation phase and steady-state film growth were con-
sidered separately.

Scanning transmission electron microscopy (STEM) has been used to
study nucleation and film closure for both the AB and ABC process. High angle
annular dark field - STEM (HAADF-STEM) images are shown in Figure 4.4a
(AB process) and Figure 4.4b (ABC process) after applying 100, 200, 400, 600
and 800 ALD cycles.

(a) 100 cycles |, * % T 20

ae . J
Figure 4.4. HAADF-STEM images of Pd nanoparticles obtained by applying 100, 200,
400, 600 and 800 ALD cycles of (a) the AB process and (b) the ABC process. The sub-
strates were SisNs TEM windows covered with a 3 nm thick ALOs film prepared by ALD.
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After 100 cycles, these figures clearly reveal island growth and a high
density of nanoparticles (NPs). For both processes, their density is (1.0+0.5)x10'?
cm? whereas their average size is 3+1 nm. After 200 cycles, the Pd NPs already
begin to coalesce, and this phenomenon is slightly faster for the ABC process,
leading to a larger surface coverage fraction, as shown in Figure 4.5.
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Figure 4.5. Fractional surface coverage of Pd as a function of the number of cycles for the
AB and ABC processes. The data have been extracted from the STEM images in Figure
3.4.

This figure, which is based on the data in Figure 4.4, reveals that surface
coverage for the ABC process is slightly enhanced over the surface coverage for
the AB process when comparing data obtained at the same number of cycles.
This appears to be especially the case after 400 cycles, where an absolute differ-
ence of 25% was observed. After 800 cycles, both films were almost reaching clo-
sure as can be concluded from the TEM images and the corresponding surface
coverage fractions of 0.88 and 0.95 for the AB and the ABC processes, respective-
ly.

The modest, but significant difference in particle growth rate between two
processes might be a result of various effects taking place during the O, plasma
step which is the only difference between the two processes. For example, it has
been reported in the literature that adsorption of the Pd(hfac), precursor on
ALO; leads to Al(hfac)* surface species that inhibit the Pd particles to grow.**
The O, plasma facilitates the removal of these poisoning precursor fragments,
possibly allowing for more precursor molecules to adsorb at the surface. By sur-
face diffusion, this increased availability of precursor molecules could increase
the growth of the Pd NPs. Another possible effect caused by the O, plasma is
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enhanced diffusion of the Pd surface species. For example, for ALD of Pt from
(MeCp)PtMes precursor and O, gas it was found that the surface diffusion of Pt
species was enhanced in the presence of oxygen. This was most likely due to the
formation of PtO, species, leading to faster aggregation of Pt atoms into metal
clusters that catalyze the surface reactions of ALD growth.” A similar effect
could occur for Pd when using the ABC process. A possible third effect is that
the O atoms chemisorbed at the surface of the Pd NPs can eliminate hydrocar-
bon fragments more efficiently during the precursor step due to combustion-like
reactions. This can potentially increase the density of active sites for precursor
adsorption and enhance the growth rate of the NPs.”

RBS yields the areal density of the Pd atoms in the film in terms of Pd at-
oms per cm’. When divided by the number of cycles carried out to prepare the
films, a first approximation of the growth-per-cycle (GPC) during steady state
film growth can be obtained. This is only a first approximation as reduced Pd
growth during the nucleation phase is not taken into account in this calculation.
As shown in Table 4.1, the corresponding values of the growth-per-cycle are
(0.94£0.1)x10" and (0.7+0.1)x10" Pd atoms per cycle and per cm? for the AB and
ABC process, respectively. This indicates an enhanced Pd growth for the AB pro-
cess compared to the ABC process, certainly when taking the slightly slower film
closure for the AB process into account (see Figures 4.4 and 4.5).

Information on the growth-per-cycle during steady-state film growth has
also been obtained by in situ spectroscopic ellipsometry (SE). Analysis of the SE
data relies on optical modeling and due to the simplicity of the model, not taking
into account the island growth during the nucleation phase, the thickness values
during the nucleation phase are not very reliable. However the increase in thick-
ness during steady-state growth is reliable and from this data the GPC during
steady-state film growth can be extracted (see Appendix 4.5.3). After the nuclea-
tion phase the growth-per-cycle was constant for both the AB process and the
ABC process with values of 0.17+0.01 A/cycle and 0.13+0.01 A/cycle, respective-
ly. These values can be compared to the GPC of 0.22 A/cycle reported by Ten
Eyck et al. for plasma-assisted ALD on SiO,* and 0.2 A/cycle reported by Elam
et al. for the formalin-based process at 200°C.**

Both RBS and in situ SE indicate that the growth-per-cycle is lower for the
ABC process than for the AB process. In terms of thickness, the difference be-
tween the two processes cannot be attributed to the incorporation of a significant
C content in the Pd films obtained by the AB process because with RBS the actu-
al GPC-value in terms of Pd atoms is obtained. Instead, the difference between
the two processes is likely due to the nature of the film surface after carrying out
a full ALD cycle. For the AB process, it is likely that the Pd is covered by H atoms
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after the H, step®® whereas for the ABC process the film surface consists most
likely of PdOy after the O, step.”*>® Apparently, Pd(hfac), adsorption on the
PdH* surface is more effective than on a PdO* surface. On the PdH* surface it
can be expected that ligand elimination through reaction (4.1a) is prominent
whereas combustion-like reactions will most likely take place for the precursor
ligands for the PAO* surface.

4.3.5. Temperature dependence

The investigation of the material properties provided by the ALD processes was
extended over a larger substrate temperature range with insight into the film
growth and surface chemistry obtained. Therefore the growth-per-cycle, resistiv-
ity and C content of the films prepared by both the AB process and ABC process
were studied for substrate temperatures between 50 and 200°C. The resulting
data, obtained for Pd films of 20-25 nm in thickness, are presented in Figure 4.6.
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Figure 4.6. (a) Growth-per-cycle (GPC), (b) C content and (c) resistivity as a function of
substrate temperature for the AB and the ABC processes. The films thicknesses were be-
tween 20 and 25 nm. The substrates were Si(100) wafers covered with 250 nm ALO; films
prepared by ALD. The GPC values were determined from the change in film thickness
with number of ALD cycles during steady-state growth as monitored by in situ spectro-
scopic ellipsometry (SE). The resistivity values were determined by four point probe
measurements. The C content was determined by X-ray photoelectron spectroscopy
(XPS). The C content of the films prepared by the ABC process between 100 and 200°C
was below the detection limit of 2 at.% of XPS.
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The GPC, extracted from in situ SE, was determined for steady-state film
growth. As is shown in Figure 4.6a, the growth-per-cycle for the ABC process is
lower than the one of the AB process over the whole temperature range and not
only for the case of 100°C as discussed in the previous section. This is the con-
sistent with the hypothesis that Pd(hfac), adsorption on the PAH* surface is more
effective than on an PdO* surface. Moreover for both processes, an increase of
the growth-per-cycle with the temperature is observed, especially for the AB
process that presents a GPC of 0.30+0.05 A/cycle at 200°C. This indicates that
one step involved in the adsorption of the Pd(hfac), precursor is thermally acti-
vated, e.g. ligand elimination from the incoming precursor or the creation of re-
active sites during the reactant steps. Such an increase has been observed
before,'* however, the exact nature of the increased GPC values at higher temper-
atures is not yet understood.

The fact that elimination of ligand fractions from the surface is thermally
activated can be concluded from the C content of the films given in Figure 4.6b.
For both processes, higher substrate temperatures result in higher purity films.
For the AB process the C content decreases monotonously with increasing sub-
strate temperature from 16+3 at.% at 50 °C to 5+3 at.% at 200 °C. For the ABC
process the C content was substantially lower, especially above 50°C. XPS re-
vealed a C content of 10+3 at.% at 50°C but for higher temperatures the C con-
tent was below the detection limit of XPS (~2 at.%). This again confirms that
high purity Pd films can be prepared by Pd(hfac), dosing when combined with a
H, plasma and an O, plasma as reactant step.

The improved purity of the films prepared at higher substrate tempera-
tures and prepared by the ABC process is also manifested in the resistivity values
shown in Figure 4.6¢c. For both processes the resistivity decreases with increasing
substrate temperature and the resistivity of the films prepared by the ABC pro-
cess is consistently lower than the resistivity of the films prepared by the AB pro-
cess. The lowest resistivity is 21+3 puQ).cm and was obtained for the ABC process
at 200°C. Apart from a lower C content of the films, also an improved micro-
structure (e.g., larger grain size) can contribute to the lower resistivity values at
higher temperatures.

4.4 Conclusion

It has been demonstrated that thin films of palladium of high purity and low re-
sistivity can be deposited at substrate temperatures as low as 100°C using a new-
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ly-developed ALD process. In this process Pd(hfac); is used as precursor and the
reactant step consists of a H, plasma step followed by an O, plasma step. This
“ABC process” yields a significantly lower C content of the films than the ALD
process in which only a H, plasma step is used as reactant ( “AB process” ).
From gas phase infrared spectroscopy it was concluded that the O, plasma step is
important to remove hydrocarbon fragments from the surface that remain after
the H; plasma step.

The best material properties were obtained for the ABC process for tem-
peratures between 100°C and 200°C, with only a very slight improvement in the
properties when going to the higher side of this temperature window. For these
conditions, the C content is below the XPS detection limit of ~2 at.%, the resis-
tivity of the films is slightly higher than 20 pQ.cm, and the mass density ap-
proaches the value of bulk Pd. The GPC increases slightly with increasing sub-
strate temperature and the higher value at 200°C (0.26+0.05 A/cycle) might be a
reason to use this higher substrate temperature when preparing films with the
substrate material permitting. However, if no substrate temperatures higher than
100°C can be tolerated the material properties are not significantly compro-
mised.

The study of initial film growth on AL,Os surfaces showed that nucleation
takes place in the island growth mode for both processes. In both cases more
than 800 cycles were required to achieve film closure. On the other hand, the
nanoparticles obtained in the initial cycles can have interesting applications as
well. Many applications in the field of heterogeneous catalysis can benefit from
the high surface-to-volume ratio of nanoparticles of Pt-group metals.

In summary, it can be concluded that the newly-developed ALD process
developed is a promising alternative to the Pd ALD process in which formalin is
used as reactant. The plasma based process allows for deposition of high-purity
Pd films and nanoparticles at lower temperatures and therefore unlocks potential
applications in nanoelectronics, energy storage, catalysis, and possibly many oth-
er technologies.
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4.5 Appendix

4.5.1. Details on the ALD process using Pd(hfac), as precursor and

an O, plasma followed by H, plasma as co-reactant step

For Ir* and Pt*, ALD processes have been reported that employ dosing of a
metalorganic precursor in combination with a co-reactant step that consists of
exposure to an oxidizing agent followed by exposure to a reducing agent. The
rationale behind this approach is that the adsorbed precursor ligands are first
combusted by the oxidizing agent after which the oxidized metal atoms in the
surface layer can be reduced to the metallic state by the reducing agent. Oxidiz-
ing agents such as O, plasma or ozone can be used in this approach in combina-
tion with H, gas or H, plasma as reducing agent. For ALD of Pd, this approach
has however been rather unsuccessful’® and so far ALD of Pd is typically only
achieved by using a reductive chemistry such as with H; or formalin. Neverthe-
less, in this work several attempts were made to apply this approach for ALD of
Pd using Pd(hfac), as precursor and O, plasma and H, plasma in the co-reactant
step. However, for all conditions investigated very poor results showing no or
almost no growth were obtained.

One example of a result is shown in Figure 4.7. This figure shows an XPS
survey scan of a film after 1000 cycles. The process parameters were similar to
those reported in the manuscript with the exception of the reverse order of the
co-reactants in this experiment. The substrates were AL,O; films on Si and the
substrate temperature was 100°C. The XPS result in Figure 4.7 was obtained after
removing the surface contamination by a mild sputtering step. The XPS peaks
reveal that the elements Pd, C, F, but also Al and O are present. The presence of
Al peaks, originating from the AL,Os substrate, is a sign that the film is very thin
(< 5 nm). The presence of C and F peaks, clearly visible, indicates that the film is
strongly contaminated by carbon and fluorine containing species. The film was
too thin to enable a decent quantitative compositional analysis and furthermore
presented a very high resistivity value of 107 pQ).cm, as measured by FPP.

One hypothesis to explain the fact that this approach is not viable for ALD
of Pd from Pd(hfac), is the presence of F in the precursor ligands. During the O,
plasma step the adsorbed precursor ligands will undergo reactions with the
plasma species leaving various fragments behind at the surface. It is known from
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the literature that ALD based on the reaction between fluorinated metal precur-
sors and a strong oxygen source can result in metal fluorides.” For example,
CaF, thin films were prepared by an ALD process based on Ca(hfac), and ozone
at 300°C.>® This shows that the hfac ligands are reactive with strong oxidizing
agents, and hence it is possible that hfac ligands and O, plasma species lead to
surface metal fluoride species and other by-products. Moreover, during the H,
plasma step, H atoms can potentially react with adsorbed F atoms leading to HF
species. These could induce etching which is also detrimental for ALD film
growth.

For other ALD processes for which the O, plasma approach is viable, i.e.
for ALD of Pt,® Ir*® or Ru’, the precursors contain typically no F atoms but only
C, H, and O. In these cases exclusively volatile by-products are created in the re-
action with O, plasma species.®
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Figure 4.7. XPS survey scan of a film after carrying out 1000 cycles of the ALD
process consisting of Pd(hfac), dosing, O, plasma exposure and subsequently H,
plasma exposure. The substrate was a Si wafer covered with a 250 nm ALD AlLO;
film. The deposition temperature was 100°C.
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4.5.2. Properties of Pd films deposited by the (thermal) ALD pro-

cess using Pd(hfac), and H, gas dosing

Table 4.2. Properties of Pd films deposited by ALD using Pd(hfac)2 as precursor and H2
gas as co-reactant. Data obtained with H2 plasma as co-reactant (i.e., the AB process in
the manuscript) are given for easy comparison. The substrates were Si wafers with 250
nm thick AI203 films and the substrate temperature was 100°C. The process with H2 gas
as co-reactant took place on a 15 nm thick Pt seed layer. In situ spectroscopic ellipsome-
try (SE), atomic force microscopy (AFM), Rutherford backscattering spectroscopy (RBS)

and four-point probe (FPP) measurements were used for analysis of the films. The films

were ~30 nm thick.

) Pd(hfac), with
Analysis Pd(hfac), with
Properties Ha plasma
technique Ha gas
(AB process)
Growth-per-cycle
. SE 0.16+0.05 0.17+0.05
(A/cycle)
Growth-per-cycle
RBS (0.940.1)x10™ | (0.940.1)x10™
(atoms.cm.cycle)
Mass density
XRR 10.5+0.5 11.0+0.5
(g/cm?)
Resistivity
FPP 65+5 48+5
(nQ.cm)
C content XPS - 14+3
(at. %) RBS 1245 1145
RMS roughness AFM 2.3£0.3 1.0+£0.3
(nm)
XRR - 1.3+0.3
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4.5.3. Growth-per-cycle during steady-state film growth for the AB
and ABC processes at 100°C
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Figure 4.8. Growth-per-cycle (GPC) of Pd during steady-state ALD growth for the AB
and ABC processes as determined by in situ spectroscopic ellipsometry. Data during the
nucleation phase are omitted as the GPC as it is difficult to extract reliable data from
spectroscopic ellipsometry when there is island growth. The GPC observed with the AB
and the ABC processes are 0.13+0.02 and 0.17+0.02 A/cycle, respectively. The substrates
were Si wafers covered with a 250 nm ALD ALO:s film. The deposition temperature was
100°C.
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Chapter 5

Supported Core/Shell Bimetallic Nanoparticles
Synthesis by Atomic Layer Deposition*

Abstract: A continuing goal in catalysis research is to engineer the composition
and structure of noble metal nanomaterials in order to precisely tune their cata-
Iytic activity. Herein, we present proof-of-concept results on the synthesis of sup-
ported bimetallic core/shell nanoparticles entirely by atomic layer deposition
(ALD). ALD is a novel and scalable method, which can be used to prepare noble-
metal catalysts on high surface area support materials. Two properties of ALD of
noble metals, namely the Volmer-Weber growth and surface-selectivity, are ex-
ploited to decouple primary island growth from subsequent selective shell
growth. This concept is applied to synthesize highly dispersed Pd/Pt and Pt/Pd
nanoparticles. In-depth characterization of the nanoparticles provides evidence
for the core/shell morphology and for the narrow size distribution. The self-
limiting nature of the ALD process allows for independent control of the core
and shell dimensions, opening up unique possibilities for precise engineering of
metallic nanoparticle properties.

*This work has been published as: M. J. Weber, A. J. M. Mackus,, M. A. Verhei-
jen, C. van der Marel, and W. M. M. Kessels, Chemistry of Materials, 24(15),
2973-2977 (2012).
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5.1 Introduction

Noble metal nanoparticles (NPs) are known for being excellent materials for het-
erogeneous catalysis' in applications such as hydrogen storage,” sensing,’ auto-
motive emissions catalytic conversion® and fuel cells.’ The catalytic activity of
these metallic NPs can be maximized when the size, structure and composition
are optimized for a specific catalytic reaction.®’ In this light, structured bimetal-
lic core/shell NPs have attracted tremendous interest in the last few years.>!! The
lattice strain created in these core/shell NPs, as well as the hetero-metallic bond-
ing interactions, modify the surface electronic properties of the NPs.!? Therefore,
core/shell NPs often show improved catalytic properties compared to their al-
loyed counterparts or to mixtures of monometallic NPs.** Pd core/Pt shell
(Pd/Pt) NPs, for example, exhibit excellent catalytic performance for oxygen re-
duction and for methanol electro-oxidation, which are two key reactions in

methanol fuel cells.>'>!*

Furthermore, placing expensive and scarce Pt material
as a shell on top of a less expensive core material is economically favorable.
Various wet chemistry routes exist to produce supported metallic nano-
particles, such as impregnation, deposition-precipitation, galvanic displacements,
colloidal synthesis and ion exchange processes.>> The synthesis of bimetallic
core/shell structures is usually performed by reducing a second metal onto pre-
formed cores but this method is challenging.®'>'® Although these wet chemistry
techniques offer satisfying NP size and shape control, there are often difficulties
during purification and collection of the synthesized NPs since they tend to ag-
glomerate. Furthermore, the separation of the NPs from the chemicals (e.g. stabi-
lizers, solvents) used in certain processes requires additional post treatments.
Atomic Layer Deposition (ALD) has been used in many recent studies for
the synthesis of supported metallic NPs.!”?! ALD is a thin film deposition tech-
nique based on sequential and self-limiting surface reactions, and is known for
its atomic level thickness control.?? Many metals have however the tendency to
form highly dispersed nanoparticles on oxide substrates during the initial stage
of the ALD process,?® because the interactions between the deposited metal at-
oms are stronger than those between the metal adatoms and the oxide substrate.
This is mainly due to the difference in surface energies between the deposited
metal and the oxide substrate.” This so-called Volmer-Weber (island) growth is
therefore a natural and straightforward way to deposit supported metallic NPs.
ALD is also a good alternative to wet chemistry techniques because it allows the
deposition of the materials to occur on substrates with demanding 3D surface
topologies as well as on materials with high surface-to-volume ratios. Moreover,
since only volatile by-products are formed during ALD, the synthesized NPs can
be used for heterogeneous catalysis applications without the need for post treat-
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ment steps (reduction, cleaning). Previously, the nucleation stage of ALD of no-
ble metals on oxides has been exploited to successfully prepare Pt,'”*' Pd,'® Ir,"
and Ru?® supported monometallic NPs, mainly for catalysis applications. Bime-
tallic Pt-Ru alloyed NPs were synthesized by alternating between Ru ALD and Pt
ALD cycles.”® Recently, core/shell Pt/Ag NPs have been prepared by depositing
Ag through wet chemistry on Pt cores prepared by ALD.*

In this work, we present proof-of-concept results for the synthesis of
core/shell structured bimetallic NPs entirely by ALD. To this end, an area-
selective ALD process has been developed to deposit shells on metal cores also
grown by ALD. We demonstrate the feasibility of this method through the syn-
thesis of Pd/Pt core/shell NPs supported on ALOs substrates. The tailoring of the
properties of such core/shell NPs in terms of particle sizes and compositions by
changing the ALD process parameters is addressed. The versatility of the method
is further demonstrated through the synthesis of Pt/Pd core/shell NPs.

5.2 Experimental section

All depositions have been carried out in an open-load ALD reactor equipped
with a remote plasma source. The precursors, methylcyclopentadi-
enyl(trimethyl)platinum (MeCpPtMes, 98%) and palladium hexafluoroacety-
lacetonate (Pd(hfac),, 99%), were obtained from Sigma-Aldrich and were used as
received. They were contained in steel bubblers connected to the reactor. The
precursor exposure time was 3 s for both Pt and Pd ALD cycles. The substrates
used were Si wafers and SisN; Transmission Electron Microscopy (TEM) win-
dows respectively covered by 50 and 3 nm ALOs deposited by ALD. The ALD
processes were monitored by in-situ spectroscopic ellipsometry (SE) (J.A.
Woollam, Inc) over a 0.75-5 eV photon energy range and thickness information
was extracted from the data through B-spline and Drude-Lorentz oscillator par-
ametrizations. High Angle Annular Dark Field (HAADF) STEM (Scanning
Transmission Electron Microscopy) and Electron Energy Loss Spectroscopy
(EELS) studies were performed using a FEI Tecnai F30ST, operated at 300 kV
and a Cs probe-corrected JEOL ARM 200F, operated at 200 kV, respectively. X-
Ray Photoelectron Spectroscopy (XPS) measurements were carried out in a
Quantera SXMtm from Ulvac-PHI using a spot size of 1200x500 pm? (High Sen-
sitivity Mode) and a take-off angle of the detected electrons of 45°. Rutherford
Backscattering Spectrometry (RBS) measurements were performed with 2 MeV
*He" ions and a spot size of 500x500 pm?.
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5.3 Results and discussion

First, the fact that ALD of noble metals starts with island growth was used to
deposit the Pd cores. For ALD of Pd, the plasma-assisted process employing
Pd(hfac); and H, plasma at a substrate temperature of 100 °C as developed by
Ten Eyck et al.” was used. The detailed parameters of this process are given (Ta-
ble 5.1).

Table 5.1. Detailed process parameters of the different ALD processes used in this work *

Pt ALD process Pd ALD process
A B A | B
Precursor MeCpPtMe; Pd(hfac).
Precursor exposure
time (s) ** 3 3
Ar purge time (s) 3 5
Pump time (s) 4 5
Co-reactant Oxgasat7.5 | Oxgasat750 | Haxgasat7.5 H: plasma at
mTorr mTorr mTorr 7.5 mTorr
Co-reactant exposure
. 5 2.5 5
time (s)
Pump time (s) 8
Bubbler temperature 30 50
(°C)
Substrate temperature
o 300 100
(°C)
Reactor wall tempera- %
ture (°C)
Reactor base pressure <10°
(mTorr)

* Conditions labeled “A” yield growth on noble metal surfaces but not on oxide
surfaces, i.e., the growth is surface selective. Conditions labeled “B” yield also growth on
oxide substrates.

** Ar was used as a carrier gas.

As can be seen in Figure 5.1a, this process leads to steady-state ALD
growth of ~0.2 A/cycle after a nucleation delay of ~100 cycles.
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Figure 5.1. (a) Thickness evolution of Pd during ALD as obtained from in-situ spectro-
scopic ellipsometry (SE). Pd(hfac), and a H, plasma at a pressure 7.5 mTorr were em-
ployed, and ALO; was used as the substrate material. It should be noted that the Pd ALD
process results in Volmer-Weber growth in the first hundreds of cycles with film closure
taking place around a film thickness of 10 nm. (b) HAADF-STEM image of Pd nanoparti-
cles obtained by applying 200 cycles of plasma-assisted ALD of Pd on an ALOs covered
Si:Ns TEM window. (c) Particle size distribution extracted from (b). (d) Thickness evolu-
tion of Pt during ALD from MeCpPtMe; and O, gas at a pressure of 7.5 mTorr. The data
was obtained from in-situ SE. The Pt was deposited on Pd (green triangles) and ALOs (red
circles) surfaces. The process allows for direct growth on Pd, whereas no growth could be
observed on alumina even after 600 cycles. (¢) HAADF-STEM image of Pd/Pt nanoparti-
cles supported on an ALO:; covered SisNy TEM window. The nanoparticles were obtained
by applying 200 cycles of plasma-assisted ALD of Pd and subsequently 50 cycles of ALD of
Pt. (f) Particle size distribution extracted from (e).

The use of H, plasma as co-reactant, which provides H atoms as reactant
species, enables the Pd ALD process to initiate on oxides such as Al,03.7?® The
nucleation delay observed is typical for Pd ALD, and is mainly due to surface
poisoning by remaining precursor ligands.”” To deposit Pd nanoparticles 200
ALD cycles were employed. The synthesized NPs were visualized by HAADF-
STEM imaging. This technique enables high-contrast imaging of high-Z ele-
ments (such as Pt or Pd) against the lower-Z background (such as AL,O3), as can
be seen in Figure 5.1b. Figure 5.1c shows the particle size distribution. The Pd
NPs have an average diameter of 2.6+0.5 nm and a density of 8.6x10'"" NPs/cm?.
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To deposit the Pt shell, the Pt ALD process was tuned such that only selec-
tive growth on Pd NPs was obtained. The selective ALD process was based on Pt
ALD from MeCpPtMe; and O, gas at 300 °C, as developed by Aaltonen et al. and
Knoops et al.**’! It has been shown that selective ALD growth of Pt can be ob-
tained when using a low O; partial pressure during the O, pulse.’"* Selective Pt
ALD is based on the dissociative chemisorption of O, on the catalytic Pt group
metals, which is a key step in the reaction mechanism of Pt ALD. This selective
ALD growth process has been used previously for nanopatterning of Pt.*>* For
an O; pressure of 7.5 mTorr, no Pt growth could be observed on AL,O3, even after
a long deposition of 1000 cycles. On the other hand, immediate growth occurred
on a Pd substrate at a rate of 0.45 A/cycle (Figure 5.1d). The Pt ALD process at
7.5 mTorr pressure can therefore be considered as selective towards Pd versus
ALO:;. In order to synthesize the supported Pd/Pt NPs, 50 cycles of Pt ALD were
applied to selectively cover the catalytic Pd cores, without breaking the vacuum
between the two ALD processes. The resulting core/shell particles were charac-
terized through STEM imaging as shown in Figure 5.1e. The diameter of these
Pd/Pt NPs was 4.1+0.5 nm. Compared to the Pd NPs of Figure 5.1b, a shift in the
distribution of NPs towards larger particles and broader size distribution was
obtained after the deposition of the Pt shell as can be seen in Figure 5.1f. The
density of the Pd/Pt NPs was 7.9x10' NPs/cm?* which is virtually equal to the
density of the Pd NPs. Furthermore, no particles with a diameter smaller than 1.5
nm can be distinguished. These observations suggest that the Pt ALD process
only takes place on the Pd cores without creating new monometallic Pt NPs.

To study the geometry of the synthesized Pd/Pt NPs in more detail, the
NPs were characterized using probe corrected STEM-HAADF imaging. The ex-
ceptional resolution of probe corrected STEM combined with the Z-contrast
provides insight into the core/shell structure of these bimetallic NPs. In Figure
5.2a and 5.2b, the contrast between the Pd core and the Pt shell is well recogniza-
ble, proving the selective growth of Pt on the Pd core. The lattice fringes in the Pt
shell do not continue in the Pd core (see Figure 5.2b), which can be attributed to
the lattice mismatch between the two metals. For this sample, the STEM-
HAADF images revealed an average shell thickness of ~0.8 nm for particles with
a total diameter of ~5 nm.
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Figure 5.2. (a, b): High magnification HAADF-STEM images of Pd/Pt core/shell
nanoparticles of the same sample as in Figure le. In (a), the core/shell structure is visible
on most of the particles. Contrast differences result from the atomic number (Z) differ-
ence between Pd and Pt. In (b), the HAADF-STEM high resolution image displays lattice
fringes of the Pt shells.
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Electron Energy Loss Spectroscopy (EELS) was carried out to provide an
independent proof of the core/shell geometry of the nanoparticles. Figure 5.3a
displays an EELS line scan across a single particle of ~5.5 nm in diameter. Pd
could be detected by EELS, whereas the Pt peak appeared to be too weak to be
detected with this technique. The STEM-HAADF brightness plotted in Figure
5.3b displays the full diameter of the core/shell NP. Pd was detected only in the ~
3.5 nm wide core of the particle in Figure 5.3a. This 3.5 nm core diameter corre-
sponds well to the reduced HAADF brightness in the centre of the particle, re-
flecting the lower atomic number of Pd, as compared to the higher atomic num-
ber of the Pt shell.
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Figure 5.3. (a, b): Energy Electron Loss Spectroscopy (EELS) line scan across a sin-
gle Pd/Pt nanoparticle. The position of the line scan is indicated in the HAADF-STEM
image (a). Only Pd (blue squares) could be detected by EELS as the Pt signal appeared to
be too weak. The HAADF brightness profile (red circles) displays the full diameter of the
particle (~5.5 nm). The Pd signal was only detected in the core (~3.5 nm wide) of the parti-
cle.

The atomic composition of the NPs was determined by Rutherford
Backscattering Spectrometry (RBS) using 2 MeV *He* ions. The areal density of
Pd and Pt present on the sample were (1.2+0.1)x10' atoms/cm? and
(0.55£0.05)x 10" atoms/cm?, respectively. This corresponds to an average Pd/Pt
atomic ratio of 2.1+0.2. From the sum of Pd and Pt atoms present on the sample,
a surface loading of ~0.39+0.03 ug/cm? was calculated. This is in good agreement
with the 0.36+0.04 pg/cm? loading calculated from the density and diameters of
the NPs measured in the STEM images, assuming a semi-spherical core/shell
geometry.
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X-Ray Photoelectron Spectroscopy (XPS) measurements have been car-
ried out to obtain information on the chemical state of the deposited atoms. The
XPS spectrum is given in Figure 5.4.
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Figure 5.4. X-Ray Photoelectron Spectroscopy (XPS) spectrum of the Pd/Pt
core/shell nanoparticles. Pd and Pt were in their metallic state (binding energies of Pd 3d’
and Pt 4d° appear at 335.0+0.2 eV and 314.1+0.2 eV, respectively). The Pd 3d doublet
partly overlaps with the Pt 4d doublet.

The XPS data revealed that both Pd and Pt were in their metallic state.
This implies that the Pd/Pt NPs were not oxidized during processing, despite the
use of O, gas in the Pt ALD process. Furthermore, a Pd/Pt atomic ratio of 2.0+0.2
was calculated from the XPS data assuming a semi-spherical core/shell geometry.
This Pd/Pt ratio is in good agreement with the value calculated from the RBS
data.

To demonstrate the versatility of the method, also Pt core/Pd shell NPs
have been prepared. First, the Pt ALD process was carried out at 300 °C employ-
ing a high O, partial pressure (750 mTorr) in order to initiate Pt growth on the
AL Os substrate. The deposition was limited to 5 cycles to deposit small nanopar-
ticles. Subsequently, without breaking the vacuum, 150 cycles of Pd ALD were
carried out at 100 °C. In this case, H, gas was used as the co-reactant,”” such that
Pd grows selectively on the Pt nanoparticles. In this thermal ALD process, H,
dissociatively chemisorbs on the Pt and Pd and not on Al,Os. This leads to selec-
tive growth of Pd on Pt as demonstrated by the immediate and constant Pd
growth of ~0.2 A/cycle on a Pt substrate, and the absence of growth on AlLOs
(Figure 5.5).
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Figure 5.5. Pd ALD from Pd(hfac), and H: gas at 7.5 mTorr pressure on Pt and AL,Os. The
thickness evolution is obtained by in-situ spectroscopic ellipsometry. The ALD process
allows for direct growth of Pd on the catalytic Pt substrate (blue circles), while no growth
was observed on the ALO; substrate even after 600 cycles (red circles). The Pd ALD pro-
cess from H, gas can therefore be considered as selective towards the Pt surface.

Using STEM-HAADF imaging, a comparison of the particle size before
and after shell growth (for different samples) confirmed that Pd was deposited
on the Pt nanoparticles. Because HAADF visualization of the lower atomic num-
ber shell of Pd around the Pt core is difficult, a simple oxidation treatment was
applied to visualize the core/shell structures. The deposited Pt/Pd NPs were ex-
posed to a gentle Ar-O; plasma for 3 min, which oxidized the Pd shell. As the
intensity in HAADF images is roughly proportional to Z,,'”, with Z,, the average
atomic number, oxidizing the shell will reduce the HAADF intensity of the oxi-
dized shell, yielding a better Z-contrast. Figure 5.6 shows HAADF-STEM images
of these Pt/PdO nanoparticles, displaying the core/shell structure even at a rela-
tively low magnification.
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Figure 5.6. HAADF-STEM image of Pt/PdO core/shell nanoparticles supported
on an ALO:; covered SisNs TEM window. These structures were obtained by oxidizing the
Pd shell by applying a gentle Ar-O, plasma to Pt/Pd nanoparticles. The increased Z-
contrast enables the visualization of core/shell structures at relative low magnification.

The PdO shell thickness was ~1.5+0.5 nm for particles with a total diame-
ter of ~4.5+0.5 nm. This PdO shell thickness is probably not identical to the ini-
tial Pd shell thickness. XPS measurements revealed that the Pt core remained
metallic, while the Pd shell was fully oxidized to PdO** (Figure 5.7).
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Figure 5.7. X-Ray Photoelectron Spectroscopy (XPS) spectra of the Pt/PdO nano-
particles. In a) the binding energies of the Pd 3d doublet are shown. The Pd 3d° peak ap-
pears at 336.7 eV, revealing that Pd was oxidized (PdO). In b) the binding energies of the
Pt 4f doublet are shown. The Pt is in its metallic state (binding energy of Pt 4 at 71.6 eV).
The Pt 4f° and Al 2p peaks are overlapping. The binding energy of Al 2p at 74.8 eV corre-
sponds to ALOs.

5.4 Conclusion

In summary, an innovative method enabling the synthesis of supported noble
metal core/shell nanoparticles by ALD has been demonstrated. The new route
exploits two distinct characteristics of noble metal ALD processes, i.e. Volmer-
Weber growth on oxides and the selectivity that can be achieved on catalytic
metal surfaces. The method to prepare core/shell NPs is versatile since it allows
for independent tuning of the core and shell diameter by varying the number of
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ALD cycles applied. The method can also be used to create core/shell/shell struc-
tures and other “designed” nanoparticles. Furthermore, the process is extendable
to any substrate for which metal ALD results in Volmer-Weber (island) growth.
By depositing the core/shell NPs on substrates with a high aspect-ratio (e.g., car-
bon nanotubes, semiconductor wires, etc.) the loading of the NPs can be in-
creased. Furthermore, selective ALD growth is not limited to Pd and Pt, and
therefore the choice for metals that can be used in the NPs can be extended. The
versatility of the innovative approach presented in this work will therefore enable
full control of the composition and dimensions of multimetallic core/shell
nanostructures. As this is an ultimate goal in catalyst design, it is anticipated that
many applications, including fuel cells and advanced sensors, can benefit from
core/shell nanoparticles prepared by ALD.
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Chapter 6

Nanotailored Pd/Pt Core/Shell Nanoparticles
prepared by Atomic Layer Deposition*

Abstract: Pd/Pt core/shell nanoparticles (NPs) have been prepared on Al,Os sub-
strates by atomic layer deposition (ALD). Subnanometer control of the core and
the shell dimensions, as studied by Z-contrast scanning transmission electron
microscopy, has been demonstrated for NPs ranging from 2 to 7 nm in diameter.
From the results it is derived that the main conditions for the synthesis of nano-
tailored core/shell metallic NPs by ALD are: (i) a difference in surface energy
between the deposited core metal and the substrate to obtain island growth; (ii) a
process yielding linear growth of the NP cores with ALD cycles to obtain mono-
dispersed NPs with a narrow size distribution; (iii) a selective ALD process for
the shell metal yielding a linearly increasing thickness to obtain controllable shell
growth on the cores only. For Pd/Pt core/shell NPs it is found that a minimum
core diameter of 1 nm exists above which the NP cores are able to catalytically
dissociate the precursor molecules for shell growth. The knowledge acquired is
vital for the design and control of bimetallic NPs by ALD. The precise nano-
tailoring of core and shell dimensions opens up prospects for heterogeneous ca-
talysis research.

*This work will be submitted as: M. J. Weber, M. A. Verheijen, A. A. Bol, and W.
M. M. Kessels in Chemistry of Materials.
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6.1 Introduction

Bimetallic nanomaterials are the subject of intense research because they have
potential applications in a large number of technologies in the fields of electron-
ics"? and catalysis.!” The ability to precisely control the size, composition and
structure of metallic nanoparticles (NPs) is of high importance in order to syn-
thesize efficient nanocatalysts.*” In this light, structured bimetallic core/shell NPs
have attracted significant interest in the last few years.*” When compared to their
alloyed counterparts or to mixtures of monometallic NPs, core/shell NPs often
show improved catalytic properties.*® For example, Pd core/Pt shell (Pd/Pt) NPs
of 3-6 nm in diameter synthesized by wet chemistry are known to exhibit excel-
lent catalytic performance for oxygen reduction and for methanol electro-
oxidation, which are two key reactions in methanol fuel cells.>'* The ability to
nanotailor the core and the shell dimensions would further extend the control
over the NP design, opening new opportunities for technologies involving nano-
catalysts.”™> For example, the core diameter is known to affect the nanocatalyst
durability,'® whereas the shell thickness has a strong influence on the overall per-
formance of the nanocatalyst.!” Furthermore, placing expensive and scarce mate-
rials as an (ultra)thin shell on top of a less expensive core material can lead to a
more efficient and hence a more economic use of scarce materials."!

Atomic layer deposition (ALD) is a thin film deposition technique based
on the cycle-wise and alternate pulsing of precursor and reactant gases to a reac-
tive surface. During the first half-cycle, the surface is exposed to the precursor
molecules that adsorb on the surface through self-limiting chemical reactions.
The surface becomes saturated with precursor molecules typically after a few
seconds exposure. Subsequently, the excessive amount of precursor and the reac-
tion products generated in the half-cycle are purged out of the reactor. The sec-
ond half-cycle consists of the introduction of the co-reactant which reacts with
the surface species generated in the first half-cycle. This occurs again in a self-
limiting way and after the second half-cycle the initial surface conditions before
the first half-cycle are re-established. The last step is again a purge step to remove
the excess of co-reactant and the reaction products. One full cycle results in the
deposition of a submonolayer of material and the targeted film thickness can be
reached by repeating the cycles. Consequently, ALD is known for providing an
ultimate control of thin film growth of many materials.'®'* Moreover, the self-
limiting surface chemistry allows for an excellent uniformity and conformality.
In the initial stage of film growth, however, the deposition of metals by ALD on
certain surfaces is known to start with the formation of islands, mainly because
of the difference in surface energies between the deposited metal and the sup-
port.?® Hence, turning this drawback into an opportunity, ALD can also be con-
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sidered as a new route for the synthesis of metallic NPs.*' It allows for the deposi-
tion of highly dispersed NPs on high-aspect ratio substrates,”** which is very
relevant for heterogeneous catalysis applications such as fuel cells for
example.?>**% Various highly dispersed NPs of platinum group metals such as
Ru,” Ir,” Pt and Pd® have been synthesized by ALD recently, and it has been
demonstrated that their diameter can be controlled at the nanometer-level by
simply tuning the number of cycles applied.

Bimetallic Pt—Ru alloyed NPs were synthesized by alternating between Ru
ALD and Pt ALD cycles.** By placing alloyed Pd—Pt NPs in a reductive envi-
ronment, segregation could be established, leading to Pt/Pd core/shell NPs.*! The
core/shell structure has been obtained by dealloying because a Pd-rich shell is
thermodynamically favored in this reductive environment. As a proof for their
catalytical performance, these core/shell NPs have been used for propene dehy-
drogenation.”!

De-alloying is an indirect method for preparing core/shell NPs, where the
sub-set of combinations that can be realized is governed by thermodynamics. To
gain full freedom in the selection of core and shell metals, we presented a proof-
of-concept method that allows for the deposition of supported bimetallic NPs
with a controlled core/shell structure entirely by ALD.>* This innovative method
is a two-step process that makes use of the island growth during the initial stage
of metal ALD in order to deposit the core material, and of a selective ALD pro-
cess to cover these cores with a shell of another metal. We presented and report-
ed this general strategy by synthesizing supported Pt/Pd and Pd/Pt core/shell
NPs on metal oxides surfaces.”® Lu et al. recently extended this promising route
by preparing core/shell NPs with different combinations of noble metals includ-
ing Pd, Pt and Ru supported on metal oxides.* The area selectivity of an ALD
process towards specific materials such as noble metals can be achieved by tun-
ing the process parameters, e.g. the temperature,* the pressure® or the nature of
the co-reactant.’”® Figure 6.1a schematically illustrates the concept with the
Pd/Pt core/shell system. Figure 6.1b is an atomic resolution scanning transmis-
sion electron microscopy (STEM) image, clearly displaying the core/shell mor-
phology of the NPs. Figure 6.1c presents energy-dispersive X-ray spectroscopy
(EDS) mapping of an ensemble of Pd/Pt core/shell structured NPs synthesized
using this approach. The EDS mapping shows that Pd (in green) is confined to
the centre of the NPs, while Pt (in red) is best visible at the NPs edge in this 2-D
projection of the particles. More details about this two-step process for core/shell
NPs synthesis can be found in Reference.??
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Figure 6.1. (a) [lustration of the two-step ALD process to deposit core/shell NPs of Pd/Pt.
(b) HAADF-STEM image and (c) EDS mapping of Pd/Pt core/shell NPs (150 cycles Pd; 50
cycles Pt) on an ALO:; covered SisN, TEM window.

This route for core/shell NPs synthesis has been demonstrated for the syn-
thesis of Pd/Pt and Pt/Pd core/shell NPs on oxide substrates,*? but the method
can be extended to other metals as well. The formation of the NPs (core) on ox-
ide substrates is relatively well established and understood.?*** This is however
less the case for the selective ALD process used for shell growth.

Key for the selective ALD processes of noble metals such as Pt and Pd is
their catalytic activity. The selectivity stems from the dissociative chemisorption
of co-reactant molecules on their surface which does not occur on the surface of
the support material*>*® For example, during Pt ALD, oxygen atoms are created
on the Pt surface from the dissociation of O, gas which is used as a co-reactant.
These oxygen atoms can decompose incoming MeCpPtMe; molecules during the
precursor half-cycle (and subsequently remove the resulting organic ligands
from the surface).” The fact that dissociative chemisorption of O, does take
place on all platinum group metals but not on oxide support material is exploited
to obtain area-selective deposition. For example, Pt can deposit selectively on Pd
because Pd does dissociate O, while an ALLOs; support does not. Another im-
portant aspect for selective ALD of Pt is the fact that the nucleation of Pt on ox-
ides is ruled by the O, exposure.*>* This O, dependence of the Pt nucleation has
been explained by the enhanced diffusion of Pt species in the presence of oxygen
and the resulting faster aggregation of Pt atoms in metal clusters that catalyze the
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surface reactions of ALD growth. This means that nucleation effects resulting
from adsorption of Pt precursors on surface (defects) sites on the support can be
suppressed when applying a low O, partial pressure during the O, co-reactant
pulse.?>*>¥ Using an O, pressure of 7.5 mTorr, no Pt growth was observed on
AL O3, even after a long deposition run of 1000 ALD cycles. On the other hand,
immediate growth of Pt occurred on a Pd film substrate at a rate of 0.45 A/cycle
under these conditions.?> The same selective process was shown for Pt on Pt sur-
faces with respect to AL,O3.>**® The Pt ALD process at 7.5 mTorr pressure can
therefore be considered as selective towards Pd and Pt versus AL O:s.

In this work, the innovative route for synthesis of core/shell NPs is further
investigated and explored in order to better understand the Pt shell growth on Pd
NPs and to demonstrate the possibility to synthesize Pd/Pt core/shell NPs with
tailored core and shell diameters. The work has been focused on Pd/Pt core/shell
NPs, because the narrow size distribution obtained using this arrangement al-
lows for the accurate investigation of the effect of the core dimension on the shell
growth. Two series of experiments have been carried out. First, we fixed the Pd
core diameter and varied the shell thickness in order to study the shell growth.
Next, a series of samples with various Pd core sizes and constant Pt shell radius
has been prepared in order to study the effect of Pd core diameter on the shell
growth properties. Z-contrast scanning transmission electron microscopy
(STEM) analysis, as well as surface science and catalysis literature reports al-
lowed us to gain more insight into the selective ALD process for shell growth.
This understanding allowed us to establish the conditions for the controllable
synthesis of core/shell NPs.

6.2 Experimental section

The NPs have been prepared in an open-load ALD reactor equipped with a re-
mote plasma source, described in detail elsewhere.* The precursors, methylcy-
clopentadienyl-(trimethyl)platinum (MeCpPtMes;, 98%) and palladium hex-
afluoroacetylacetonate (Pd(hfac),, 99%), were obtained from Sigma-Aldrich and
were used as received. The substrates used were SisN, TEM windows covered by
3 nm ALO; prepared by ALD.

To deposit the Pd cores, a plasma-assisted ALD process employing
Pd(hfac), dosing with subsequent H, plasma and O, plasma exposure at 100 °C
has been used (ABC process, see Chapter 4 for more details). The ALD precursor
step consisted of 3 s of Pd(hfac), dosing with Ar as a carrier gas, followed by a5 s
pump step. Subsequently, H, gas at a pressure of 7.5 mTorr was dosed for 2.5 s,
followed by a H; plasma of 5 s at 100 W. This was followed by O, gas exposure for
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1 s at a pressure of 7.5 mTorr before a O, plasma was applied for 1 s at 100 W.
This O, step was separated from the H; step by a pump step of 6 s. Finally the
reactor chamber was pumped down for 8 s to complete the ALD cycle.

To deposit the Pt shell, the Pt ALD process was tuned such that selective
growth of Pt on Pd NPs was obtained without any growth on the oxide surface.
The ALD process was based on MeCpPtMe; and O; gas dosing at 300 °C, as de-
veloped by Aaltonen et al. and Knoops et al.*"** The precursor step consisted of 3
s of MeCpPtMe; dosing with Ar as a carrier gas followed by a 3 s pump step. Se-
lectivity of the ALD process of Pt was achieved by using an O, partial pressure of
7.5 mTorr during the 5 s O pulse.”” The reactor chamber was pumped down for
5 s to complete the Pt ALD cycle.

High Angle Annular Dark Field (HAADF) STEM studies were performed
using a FEI Tecnai F30ST, operated at 300 kV and a Cs probe-corrected JEOL
ARM 200F operated at 200 kV. The latter system was also used for EDS mapping
which was executed by a summation of 225 maps with 0.1 ms/pixel acquisition
time using a 0.5 nm probe size. During EDS mapping, HAADF images were ac-
quired regularly to allow for drift correction. This series of images was moni-
tored continuously to make sure the original shape remained unaltered during
EDS acquisition. The number of NPs and their size distribution were determined
over an area of 100x100 nm* using the iTEM software and manual counting of
the NPs. It has to be noted that only separated NPs were used in the analysis and
no merged NPs or agglomerates.

6.3 Results and discussion

6.3.1. Shell growth by selective ALD

First, a series of core/shell NPs with different shell thicknesses has been synthe-
sized in order to study the growth of the Pt shell. For all the samples, the initial
step consisted of depositing the Pd cores, exploiting the island growth mode tak-
ing place during the initial stage of Pd ALD. The ALD process ensures a repro-
ducible and controllable deposition of pure Pd NPs during the nucleation stage.
This has been underlined by a comparison of two series of samples in which Pd
NPs were deposited in the same ALD reactor with the interval of one year. It has
been observed that the NPs had a very similar density and size distribution and
that in both cases the average diameter of the Pd NPs increased linearly as a
function of the number of cycles with a growth in diameter of 0.02 nm/cycle (see
Figure 6.2). This demonstrates the reproducibility and robustness of the Pd ALD
process for NP synthesis.
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Figure 6.2. Average diameter of Pd NPs deposited by ALD with one year interval Experi-

ment 1 and Experiment 2 correspond to experiments carried out in 2012 and 2013, respec-

tively. The error bars correspond to the standard deviations extracted from the NP size

distributions. The linear fits lead to an increase of the diameter of 0.022+0.02 nm/cycle

0.02620.01 nm/cycle for the NPs in Experiment 1 and Experiment 2, respectively.

Figure 6.3a shows Pd NPs that were prepared on Al,O; substrates by ap-
plying 100 Pd ALD cycles. HAADF-STEM was used to visualize the NPs as it
enables high-contrast imaging of high-Z elements such as Pd or Pt against the
lower-Z background of oxides such as AL,Os. The NPs are highly dispersed with
a narrow size distribution and they are round in shape. After 100 ALD cycles, the
Pd NPs have an average diameter of 2.2+0.4 nm and their surface density is
(1.0£0.1)x10'2 NPs/cm?.

Using the Pd NPs obtained after 100 ALD cycles as cores, subsequently Pt
shells of different thicknesses were deposited by selective ALD employing 25, 50
and 75 cycles of Pt ALD. The Z-contrast STEM images in Figures 6.3b, 6.3¢ and
6.3d yield insight into the core/shell structure of these bimetallic NPs. There is a
clear contrast between the Pd core and the Pt shell, confirming the formation of
core/shell NPs through selective growth of Pt on the Pd cores while not deposit-
ing on the oxide surface. The TEM images clearly demonstrate the increase of the
shell thickness.

165



Chapter 6

#100 cy&es Pd

i ZSC\lees Pt
3

o) ]&D cyc!es Pd
e +50 chles Pt |@ @8 o "; + 75'eyc
b | A .

e

Figure 6.3. HAADF-STEM images of (a) Pd NPs obtained after 100 Pd ALD cycles. Pd/Pt
NPs with increasing shell thicknesses obtained by (b) 25, (¢) 50 and (d) 75 cycles of Pt
ALD on Pd cores obtained by 100 Pd ALD cycles. The substrates were SizNs TEM win-
dows covered by 3 nm ALO; prepared by ALD. The scale bar, shown in (a), applies also
for (b) - (d).

Figure 6.4a presents the NPs size distribution, as extracted from the TEM
images presented in Figure 6.3, as a function of the number of Pt ALD cycles
applied. The figure shows that the size distributions are unimodal and stay nar-
row for all the samples studied, which is of particular interest for many catalysis
applications, since a precise definition of the NP size allows for optimum control
of the catalytic activity and/or selectivity.>** A reduction of the density of
core/shell NPs can be observed which can be attributed to the merging of NPs.
However the density Pd cores density stays constant in the whole series with val-
ues of (0.9£0.2) x 10'* NPs/cm?* This corroborates the good reproducibility of
the Pd ALD process and it also illustrates the successful application of selective
ALD, i.e., no new NPs have been formed on the oxide during shell growth.
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Figure 6.4. (a) Size distribution and (b) average diameter of the NPs determined from the
TEM images presented in Figure 6.3, over a surface of 100x100 nm®. The error bars corre-
spond to the standard deviations extracted from the NPs size distributions. The dashed
line is a linear fit of the data.

Figure 6.4b shows the evolution of NP diameter as a function of the num-
ber of Pt ALD cycles applied. The average diameter of the NPs increases linearly
with the number of Pt ALD cycles, implying that the Pt shell thickness grows at a
constant rate. This behavior provides additional information on the surface pro-
cesses active during shell growth. If Pt atoms would be also deposited on the ox-
ide surface, their diffusion to the NPs could contribute to the growth of the NPs.
Obviously, this contribution would decrease as a function of the number of ALD
cycles, as the fraction of oxide surface area decreases upon island growth. Thus,
the linear increase in shell thickness is a further proof for the high selectivity of
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the ALD growth process where this increase only depends on the availability of
catalytically active surface sites. As these sites are only present at the NPs surface,
these NPs grow at a constant rate. The diameter of the NPs increases with
0.06+0.02 nm/cycle which corresponds to an increase of the shell thickness of
0.03+0.01 nm/cycle. This thickness increase of the shell can be compared to the
growth-per-cycle of 0.045 nm/cycle typically observed for ALD of planar Pt
films.*>* It shows that the Pt shell can be tailored with a control of the thickness
through the choice of the number of ALD cycles and with a thickness precision
of 0.03 nm. Moreover, the linearly increasing shell thickness indicates that the Pd
core acts as a good catalyst for O, dissociation. This O, dissociation is required
for Pt ALD growth and there is no indication for a delay of growth on the initial
surface of the Pd core.

The size distribution and the shape of the NPs observed before and after
the shell growth yield more insight into surface mechanisms taking place during
growth. The size distribution remains narrow and similar in shape with the in-
crease of the shell thickness. This trend, combined with observation that the NP
core density remains constant indicates the absence of significant Ostwald ripen-
ing, i.e. the process of net diffusion of atoms from small NPs to larger NPs. This
mechanism would lead to an enhanced growth of larger NPs at the expense of
smaller NPs. We thus believe that the surface diffusion of metal atoms over the
AL O; surface has a limited role during the selective ALD growth of the shell.
This allows for an optimal control of the diameter of the NPs.

The round shape of the core/shell NPs can reflect the selective growth of
the Pt shell on the Pd cores which are round in shape but it can also imply fast
diffusion of Pt atoms along the NP edge. The latter leads to a round and compact
shape of the NPs by the minimization of the total free energy of each NP as driv-
ing force.*® A close examination in Figure 6.3d of particles that have merged
through shell growth reveals that atomic diffusion along the particle edges does
play a significant role. If two NPs merge, a double-core/shell structure is created
and a concave curvature results at the position where they merge. However, as is
clear from Figure 6.3d, for several merged core/shell structures with a small dis-
tance between their cores, the concave parts of the edge have been eliminated.
This is a sign of atoms diffusing along the NPs edges enabling a reduction in sur-
face energy. However, this process also reduces the (catalytic) surface area. Con-
sequently, in catalytic systems, in which a high NPs density — and more im-
portantly a large effective surface - is desired, a minimum distance between the
core/shell NPs is essential to optimize this effective surface.
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6.3.2. Influence of the core size on the shell growth

In a second series of samples, the effect of the diameter of the Pd core on the
shell growth by selective ALD was studied. The Pd core diameter was varied by
varying the number of Pd ALD cycles while the number of Pt cycles was kept
constant. The number of Pd ALD cycles was 50, 100, 125, and 175 and the num-
ber of cycles applied for the Pt shell was 50 cycles. Figure 6.5 presents the
HAADE-STEM images of the resulting Pd/Pt core/shell NPs with various core
diameters.

50 cyclesPd [sb) s ® 108 cycles pé#

+50 cyclég Pt +50 @ycles Pt

® 125 cyéles Pd

‘- +5(‘cues

Figure 6.5. HAADF-STEM images of Pd/Pt core/shell NPs with increasing core diame-
ters. (a) 50, (b) 100, (c) 125, and (d) 175 ALD cycles were applied for the synthesis of the
Pd cores. The number of cycles applied for the Pt shell deposition was kept constant at 50
cycles. The substrates were SisNs TEM windows covered by 3 nm ALO; prepared by ALD.
The scale bar, shown in (a), applies also for (b) - (d).

From the Z-contrast imaging the Pd cores can again well be distinguished
from the Pt shells. Similarly as for the samples presented in Figure 6.3, the Pd/Pt
core/shell NPs are round in shape when not merged. Merged NPs with multiple
cores are observed in Figure 6.5c and 6.5d. No signs of asymmetrical shell devel-
opment can be observed which could have been to the result of mismatch be-
tween the Pd and Pt crystal lattices or of a high interfacial energy between Pd
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and Pt. The fact that the Pt shells are compactly formed around the Pd cores re-
veals that the minimization of surface energy of the NPs plays a major role in the
Pt ALD process.
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Figure 6.6. (a) Size distribution and (b) average diameter of the NPs determined from the
TEM images presented in Figure 6.5, over a surface of 100x100 nm”. The horizontal axis
in (b) corresponds to the number of Pd ALD cycles for the synthesis of the Pd core. The
error bars correspond to the standard deviations extracted from the NP size distributions.
The dashed line is a linear fit of the data.

Figure 6.6a presents the size distribution of the core/shell NPs with vari-
ous core diameters, as extracted from the TEM images in Figure 6.5. As can be
seen in Figure 6.6a, the core/shell NPs with Pd cores prepared by applying 100,
125 and 175 Pd ALD cycles (shown in Figure 6.5b, 6.5¢ and 6.5d) present uni-
modal size distributions. However, a bimodal size distribution can be observed
for the sample in Figure 6.5a with the smallest Pd cores prepared by applying
only 50 cycles of Pd ALD. For the specific surface area imaged in Figure 6.5a, it
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can be extracted that 57% of the NPs present have a small diameter of 1.0+0.5
nm whereas 38% have a larger diameter of 3.5£1.0 nm (the other NPs have an
intermediate size). The bimodal size distribution observed suggests that the NPs
with a diameter of 1 nm are not covered by a Pt shell and thus do not form
core/shell NPs. This hypothesis is supported by further interpretation of the bi-
modal size distribution. From earlier studies we know that the average diameter
of Pd NPs prepared on an AL,Os support is 1.3+0.7 nm after 50 cycles of Pd ALD
(see Figure 6.2). From the linear increase in shell thickness (0.03+£0.01 nm/cycle)
calculated earlier, the expected diameter of the core/shell NPs in this sample can
be determined. Adding a shell thickness of 1.5+0.5 nm after 50 cycles of Pt ALD
to a Pd core diameter of 1.3+0.7 nm results in a total diameter of 4.3+1.7 nm for
the core/shell NPs. This value is in good agreement with the largest diameters
obtained for the NPs in Figure 6.5a (3.5£1.0 nm). A possible explanation for the
absence of a shell for a fraction of the Pd cores can be found in the fact that the
smallest Pd cores (those at the lower side of the distribution) do not act as good
nucleation centers for the Pt shell growth because of their reduced catalytic activ-
ity. It can be hypothesized that Pt shell growth by the selective ALD process re-
quires a critical Pd core diameter of 1 nm diameter in order to take place.

This hypothesis is corroborated by ALD and catalysis literature. ALD of Pt
using MeCpPtMes precursor dosing in combination with O, dosing involves sur-
face reactions which are comparable to hydrocarbon combustion processes, i.e.
the precursor ligands are removed through combustion-like processes with oxy-
gen atoms created at the catalytic Pt surface. It is known that the combustion of
hydrocarbons on oxide supported Pd and Pt nanocatalysts is sensitive to the size
of the NPs.*”# In fact, the catalytic activity of Pd NPs smaller than 1 nm is drasti-
cally reduced in most chemical reactions, whereas a size between 1 and 10 nm is
often optimal.*® We therefore believe that the Pt shell does not grow on the
smallest Pd NPs because of their reduced catalytic activity. As the highest catalyt-
ic activity of noble metal NPs is usually achieved for diameters in between 2 and
10 nm, %
drawback for the application of these core/shell NPs in catalysis. We demonstrat-
ed that our process allows for accurate tuning of the diameter in the 2-10 nm

we note that the minimum Pd core diameter requirement is not a real

range. Consequently, even if the process may lead to the presence of a small frac-
tion of smaller Pd NPs, these NPs will not significantly contribute to the catalytic
reactions and thus do not have a major impact. Considering the specific case of
oxygen reduction reactions for example, the highest catalytic activity of Pd/Pt
core/shell NPs is obtained when the diameter is between 2 and 6 nm.">* The
ALD-based approach presented here is therefore very promising for the synthesis
of nanocatalysts for fuel cells applications, among others.
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Closer inspection of the samples prepared with larger Pd cores (Figure
6.5b, 6.5¢c and 6.5d) reveals that these have actually also a very small fraction
(<5%) of NPs with a diameter 1 nm NPs. This was not expected, because the Pd
process normally results in NPs with a unimodal and narrow size distribution
and the shell grows selectively on these Pd cores. One hypothesis is that surface
diffusion could have taken place during the temperature increase applied be-
tween the deposition of the Pd cores (at 100°C) and the Pt shells (at 300°C). This
higher temperature increases considerably the diffusion and ripening mecha-
nisms of Pd atoms and clusters, and could have led to the formation of new Pd
NPs. These small particles are probably not covered by the Pt shell due to the low
probability for catalytic decomposition and thus have kept their original size.

Figure 6.6b shows the average diameter of the NPs as a function of the
number of Pd cycles. Concerning the NPs formed by applying 50 cycles of Pd
ALD for the cores, only the larger NPs (3.5+1.0 nm) of the bimodal size distribu-
tion (the ones covered with a shell) were considered. The average diameter in-
creases linearly showing that for the Pd/Pt NPs the Pt shell growth is independ-
ent of the Pd core size (once that the diameter is larger than 1 nm). From the
linear fit it can be deduced that the core/shell NPs grow with a rate of 0.02 nm
per Pd ALD cycle. This implies that the diameter of the Pd core increases 0.02
nm per Pd ALD cycle. This agrees well with the data for ALD of Pd NPs as
shown in Figure 6.2 highlighting the good reproducibility of the process.

As discussed previously, the catalytic activity of Pd NPs below 1 nm is
drastically reduced, but the catalytic performance of larger and active NPs to-
wards carbonaceous species combustion depends on their size as well.*” There-
fore, at first sight the same shell growth rate on Pd cores presenting different di-
ameters is surprising. This result implies that the dissociation of O, and the com-
bustion of precursor ligands are not the limiting steps anymore, which means
that these surface reactions can occur for the amount of precursor molecules
(which is rather limited) that undergo the self-limiting reactions during one ALD
cycle. Thus, we believe that the same shell thickness obtained does not depend
on the predeposited NPs size, but is due to the fact that the growth takes place
under ALD conditions in which a small and fixed amount of precursor mole-
cules is deposited each cycle.

6.4 Conclusion

A detailed study of the preparation of Pd/Pt core/shell NPs entirely by ALD has
been presented. It has been shown that this novel route allows for a precise and
independent control of the core diameter and the shell thickness, both at the
subnanometer level. The Pd cores supported on ALO; are round in shape and
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and their diameter increases at a rate of 0.02 nm per Pd ALD cycle. The core size
can therefore be precisely tuned by simply defining the number of ALD cycles to
be applied. The Pt shell thickness can also easily be varied since Pt growth takes
place at a rate of 0.03 nm per cycle on the Pd cores. This Pt growth is selective
which means that it takes only place on the Pd NPs and not on the support mate-
rial. Furthermore, it has been found that the shell growth is independent of Pd
core size when the Pd core diameter is larger than 1 nm.

The controllable synthesis of core/shell NPs by ALD has been obtained us-
ing a robust Pd ALD process for the preparation of the core and a selective Pt
ALD process for the shell. From the results the following main general condi-
tions for the synthesis of nanotailored core/shell metallic NPs by ALD can be
derived. First, initial wetting difficulties are required to obtain island growth.
Then, an ALD process presenting a linear growth rate to deposit monodispersed
NP cores with a narrow size distribution and a predefined diameter is desired.
Third, a selective ALD process presenting a linear growth rate for the shell metal
is required, in order to obtain controllable shell growth on the cores only. As the
highest catalytic activity of noble metal NPs is achieved for NP diameters be-
tween 2 and 10 nm, this ALD-based approach is a promising route for the prepa-
ration of efficient nanocatalysts. The ease and precision of the nanotailoring of
core/shell NPs by ALD as demonstrated in this work opens new prospects for
nanocatalyst design and synthesis.
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This doctoral thesis focused on the controlled synthesis of high purity Pd and Pt
NPs with tuneable properties, through the in-depth understanding of the reac-
tion mechanisms taking place during noble metal ALD nucleation and growth.
The following general conclusions can be drawn from this work:

- ALD offers more opportunities for nanoengineering than conventional
methods for the preparation of NPs of noble metals, and many achieve-
ments have already been achieved by the ALD community in this up-
coming field. In addition to the precise diameter control and the possi-
bility to deposit NPs in various high aspect ratio substrates, another ma-
jor benefit is that the preparation of NPs by ALD does not require any
post-treatment. This promising route can find its applications in emerg-
ing devices such as micro-reactors or micro fuel cells in particular.

- The nucleation stage of Pd and Pt ALD processes results in supported
crystalline particles between 1 and 10 nm. The surface density of both
Pd and Pt NPs present maximum values of ~10'2 NPs/cm?, which is in
line with maximum density values obtained with other vapor phase
techniques such as PVD. The Pd NPs obtained present a unimodal and
very narrow size distribution when compared to Pt NPs. The growth
mechanism of the NPs includes the adsorption of precursor molecules at
the substrate surface followed by the diffusion of metal adatoms to form
clusters or to join growing NPs. In addition, Ostwald and Smoluchowski
ripening processes are also likely to take place and to participate in the
growth of the NPs and in their resulting properties. The island growth
mode obtained through metal ALD nucleation on oxide surfaces results
from the difference in surface energies between the noble metals and the
oxide substrate, but also from specific reaction mechanisms taking place
during the ALD processes. For example, the catalytic activity of the no-
ble metal surfaces enables the decomposition of entering precursor mol-
ecules and the dissociation of the co-reactant gas, which leads to an en-
hanced 3D island growth. The focus was on the materials Pt and Pd, but
many of the described mechanisms are expected to occur during the
ALD of other noble metals as well.

- A new palladium ALD process has been developed, which was derived
from the insights obtained from in situ studies of the surface chemistry
in combination with the surface science literature. The process uses
Pd(hfac); as precursor and employs two consecutively applied plasmas —
a H; plasma and an O, plasma - as co-reactant step. The H, plasma step
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is employed to remove the hfac ligands in order to obtain the deposition
of the single-element palladium. It has been found that the additional O,
plasma pulse is required to combust the carbon contaminants that re-
main after the H, plasma step, as shown by in-situ Fourier transform in-
frared (FT-IR) spectroscopy studies. The new ABC-type Pd ALD pro-
cess allows for the preparation of high quality Pd thin films at relatively
low temperatures. The fact that the films prepared were virtually 100%
pure was demonstrated and benchmarked against the much lower purity
of the films prepared by an ALD process based on Pd(hfac), and H,
plasma. The study of initial film growth on AlL,O; surfaces investigated
by scanning transmission electron microscopy showed that nucleation
takes place in the so-called island growth mode. Therefore, this process
can be used for the preparation of high purity supported NPs of Pd. As
this new route allows for the deposition of palladium with good material
properties in the 100-200°C range, these results open up prospects for
various existing and emerging applications of Pd thin films and NPs in
microelectronics, catalysis and advanced sensing.

- A new route enabling the synthesis of supported bimetallic core/shell
nanoparticles entirely by ALD has been developed. Because ALD de-
pends critically on surface chemistry, it is possible to achieve selective
deposition of a shell material on pre-deposited NPs, and thus to enable
the synthesis of core/shell NPs. The method to prepare core/shell NPs is
versatile since it allows for independent control of the core and the shell
dimensions, as shown by Z-contrast scanning transmission electron mi-
croscopy studies. The design of the core and shell can be controlled at
the (sub)nanometer-level by simply tuning the number of ALD cycles
applied. It is anticipated that many applications, including fuel cells and
advanced sensors, can benefit from core/shell nano-particles prepared
by ALD.

Based on the work presented in this thesis, further research could be car-
ried out in fields described below:

- For the further understanding of NPs growth, more characterization
studies should be carried out. The NPs resulting from the initial ALD
cycles should be monitored carefully in term of atoms deposited, for ex-
ample by carrying out RBS measurements after each cycle. Furthermore,
a better control of the ligand poisoning observed at the initial stage of

181



Chapter 7

ALD could be achieved through the exact understanding of the surface
reactions taking place. For this purpose, surface FT-IR spectroscopy
analysis of the substrate surface after the first few cycles could unravel
many reaction mechanisms. The influence of precursor and co-reactant
exposures (in term of time and pressure) on the amount of material de-
posited and the NP properties would also be an interesting field of study.
In particular, the saturation behaviour of the initial ALD stage should be
checked, for example by studying the diameter of NPs (using TEM)
formed after different (long) precursor exposure times during only a few
cycles.

Because NPs can undergo structural and chemical variations dur-
ing their growth and in response to different environments, a better un-
derstanding of the NPs formation and properties could be achieved us-
ing in-situ TEM. The combination of ALD and in-situ TEM would re-
veal exceptional details about ALD growth. There is also a growing in-
terest in the understanding of the NPs properties evolution (e.g. restruc-
turing) during the catalytic conditions in which the NPs are aimed to be
used. For this purpose as well, the use of in-situ TEM could unravel
many mechanisms taking place under “close-to-real” conditions.

The final aim of these NPs is to catalyse chemical reactions taking place
in devices such as sensors, micro fuel cells or micro reactors in general.
Therefore, the actual testing of the catalytic performances of the NPs
prepared by ALD would be a good way to pursue this research. For ex-
ample, testing the Pd/Pt core/shell NPs for oxygen reduction or for
methanol electro-oxidation would be of particular interest, since these
are two key reactions in methanol fuel cells. These studies would have to
be compared to NPs prepared with other methods under same loading.
If this research brings promising results, applying these NPs in real mi-
cro devices would be the next step. In case of an industrialisation aim,
the ALD reactors should also be optimally designed in order to save pre-
cursor consumption.

Concerning the synthesis of core/shell NPs, other metals than Pd and Pt
could be tried as well in order to enlarge the possibilities in terms of NP
composition. For this purpose, the selective growth conditions of the
new materials must be identified first in order to achieve the selective
deposition of the shell on the pre-deposited cores. This research, if suc-
cessful, could lead to a large number of possible compositions and ar-
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rangements for core/shell NPs, which would open prospects for catalytic
applications.

ALD of noble metals is a fascinating field of research, and the atomic un-
derstanding of the surface reactions taking place during the processes allowed us
to establish new approaches. In this work, new routes such as the ABC-type ALD
process and the selective growth process have been developed, enabling the syn-
thesis of pure palladium films at low temperature and of core/shell structured
NPs. ALD offers many nano-engineering possibilities and I believe we are still far
from having unlocked all the opportunities this technique has to offer. Many
more new processes could be developed beyond the “classical” AB-type process.
Furthermore, on the basis of the acquired understanding, many promising and
broader research routes can be opened.

- For example, ABC-type processes, which make use of more than one co-
reactant, could be applied to many other elements and thus potentially
lead to the ALD of new materials and/or at lower temperatures. Fur-
thermore, the control of the composition of a material and thus the tai-
loring of its properties at the nanoscale, can be achieved using ALD su-
percycles (e.g. (AB)a(CD)m-type process).

- The catalytic activity of noble metal NPs can allow for a local chemistry
to take place and this has been used in this work for the synthesis of
core/shell NPs. However, many more opportunities exist and should be
investigated. The catalytic activity of noble metals could be used to etch
a material locally and at the nanoscale. In fact, by applying specific pro-
cess parameters, the etching of a supporting material could take place
only under noble metal nanostructures. The created nano holes or nano
trenches could find their applications in nanofiltration or photonics.
Furthermore, by successively using such an etching process and a selec-
tive growth process of a metal, it would be possible to “fill” these nano
holes or trenches with a conductive material. These created nano-
electrodes could have important applications in the semiconductor and
solar cells industries. The deep understanding of the surface reactions
taking place during ALD could also lead to the development of a new
type of process, i.e. atomic layer etching. Self-limiting etching reactions
during atomic layer etching could allow for the etching of films at the
sub(nanometer) scale in high aspect ratio structures. The combination
of ALD and atomic layer etching could therefore allow for the deposi-
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tion of closed metal films of unparalleled small thicknesses, which opens
many prospects in the fuel cells, solar cells and semiconductor indus-
tries.
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Summary

Atomic Layer Deposition of Noble Metal Nanoparticles

Noble metal nanoparticles (NPs) supported on oxide and carbon materials
form the basis for many catalysts and have important applications such as in
chemical industry, fuel cell technology and pollution prevention. Atomic layer
deposition (ALD), a well-established and scalable vapor phase technology for
the preparation of thin films, is currently gaining interest in the R&D commu-
nity for the synthesis of noble metal NPs. ALD is a cyclic deposition technique
in which precursors and reactants are injected into the reactor chamber alter-
nately and in which the reactions are driven by self-limiting surface chemistry.
This deposition technique allows for a sub-nanometer growth control of high
quality materials as well as for an excellent uniformity and conformality on
demanding surface topologies.

In this thesis, the nano-engineering capabilities of ALD were explored in
order to achieve the controlled synthesis of high purity Pd and Pt NPs with
tuneable properties. In order to gain better control of the NP properties, their
formation has been studied in-depth. It has been demonstrated and discussed
that the use of ALD for preparation of NPs brings additional opportunities to
nano-engineering compared to conventional synthesis methods, and that this
approach can be a benefit for and contribute to the field of heterogeneous ca-
talysis.

The first part of the work described in this dissertation involved studies
to obtain accurate information about the properties of metal NPs as well as to
gain a higher level of understanding of the main physical mechanisms and pro-
cesses taking place during metal ALD nucleation. The experimental aspects of
the preparation of NPs by ALD, their analysis by TEM, and the underlying
physical mechanisms that play a role during the preparation of the NPs have
been addressed. Phenomena such as surface diffusion processes influencing the
ALD NPs properties have been elucidated from physical theories, literature
studies and experimental results from this work. The focus was on the materi-
als Pt and Pd, but many of the described mechanisms are expected to occur
during the ALD of other noble metals as well.

In order to obtain metals with high purities, part of the research focused
on the development of an innovative plasma-assisted ALD process for Pd. For
the synthesis of high-purity palladium films, detailed understanding of the sur-
face reactions turned out to be crucial. Palladium with low contamination lev-
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els has been deposited on Al,O; substrates at low temperature using Pd(hfac),
dosing and exposure to subsequently a H, plasma and an O, plasma. The film
growth, the material properties, and the reaction mechanisms have been inves-
tigated. In-depth understanding of the ALD surface chemistry revealed that the
O, plasma pulse was required to combust carbon contaminants that remained
after the H, plasma reduction step. Furthermore, the nucleation of the Pd NPs
during the initial stage of this novel ALD process has been studied using
Transmission Electron Microscopy (TEM).

Furthermore, a proof-of-concept method enabling the synthesis of bi-
metallic core/shell NPs entirely by ALD has been developed. This novel route
was demonstrated for the synthesis of Pd/Pt and Pt/Pd core/shell nanostruc-
tures on ALOs substrates. The versatility of this approach has been addressed
and it has been shown that this new strategy allows for nano-tailoring of the
core and shell diameters of the NPs at a sub-nanometer level. This suggests that
the catalytic properties of the NPs can be tuned for specific applications. The
acquired knowledge is crucial for designing new high performance nanocata-
lysts by ALD and it could lead to improved and also novel promising applica-
tions.

In conclusion, through this project it has been demonstrated that ALD is
a powerful approach for the controlled synthesis of noble metal NPs. The op-
portunities that ALD provides for nano-engineering can lead to many novel
materials and applications. Moreover, this work contributed an atomic level
understanding of Pd and Pt NP formation by ALD, and therefore will advance
the science and technology of metal ALD.
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