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Abstract

The correlation between the structure and reactivity of mass-selected nanoparticles

have been investigated by the surface science approach for two model systems: 1)

The dissociation of CO on ruthenium and 2) platinum and platinum-yttrium alloy

tested for the electrochemical Oxygen Reduction Reaction (ORR). Furthermore,

surface reconstructions of platinum nanoparticles induced by CO have been studied

for various particle sizes.

All the model catalysts consisted of mass-selected nanoparticles supported on

planar oxide or carbon substrates. The nanoparticles were produced in a ultra

high vacuum (UHV) setup by the magnetron sputter gas-aggregation technique and

mass-selected before deposition onto the support. This approach provides well-

de�ned model catalysts with mono-dispersed nanoparticles where the particle size

and particle coverage can be varied independently, ideal for studying particle size

e�ects. The model catalysts are furthermore compatible with UHV surface science

techniques which enables detailed characterisation of the particle structure, elemen-

tal composition and reactivity.

In the study of CO dissociation on ruthenium, nanoparticles in the size range from

3 to 15 nm were deposited onto Highly Ordered Pyrolytic Graphite (HOPG) and the

active sites for CO dissociation were probed by temperature programmed desorption

spectroscopy using isotopically labelled CO. Combined with transmission electron

microscopy we gain insight on how the size and morphology of the nanoparticles

a�ect the CO dissociation activity. Surprisingly, it was found that larger particles

exposed a higher fraction of active sites. It is suggested that this is due to larger

particles exposing a more rough surface, that contain a high fraction of under-

coordinated sites, than the smaller particles. The variation in surface roughness

with particle size is a proposed to be a consequence of the growth processes in the

gas-aggregation chamber. Furthermore, we provided a link in the CO desorption

behaviour from Ru single crystal model catalysts to nanoparticulate model catalyst,

in order to narrow the materials gap.

The activity of platinum and platinum-yttrium nanoparticles supported on glassy
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carbon for the electrochemical ORR was studied in the size range from 2 to 11 nm,

and a size dependence for both pure platinum and platinum-yttrium nanoparticles

was established. For pure platinum, the speci�c activity was found to increase with

increasing particle size, and the speci�c activity correlates to the fraction of terrace

sites. It was therefore concluded that the active sites for ORR on platinum are

located on the terraces, in good agreement with earlier theoretical predictions. A

maximum in the mass activity was found for ∼3 nm diameter particles. For the

PtxY nanoparticles, a clear enhancement of the ORR activity compared to pure

platinum nanoparticles was observed, and to the best of our knowledge, the 9 nm

Pt5Y nanoparticles display the highest ORR activity ever measured on supported

nanoparticles. The origin of the enhanced activity is speculated to be caused by a

compressed platinum overlayer covering a PtxY alloy core.

The topic of adsorbate induced surface reconstructions was elucidated for a model

catalyst of platinum nanoparticles on SiO2 support and a Pt(111) single crystal,

which was exposed to an elevated pressure of CO. Exposing the roughened Pt(111)

crystal to mbar range pressures of CO at elevated temperatures gave rise to a pro-

motion of the annealing process whereas the same treatment of the 3 nm and 6 nm

platinum particles induced an apparent surface roughening. The 11 nm particles

showed only a minor increase in surface roughening. We hypothesize that the di�er-

ences in CO induced surface reconstruction with particle size is related to the facets

size and the distribution of surface atoms with low coordination number.

The results highlight the structure sensitivity of catalytic reactions and the in�u-

ence of adsorbates and gaseous environment on the structure of nanoparticles. The

results furthermore demonstrated the use of temperature programmed desorption

experiments as a sensitive probe of the con�guration of surface sites and the ability

to distinguish between low index facets and under-coordinated atoms on both single

crystal and nanoparticle model catalysts.
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Dansk Resumé

Sammenhængen mellem struktur og reaktivitet af masse-selekterede nanopartikler

er blevet undersøgt gennem en "surface science" tilgang til to modelsystemer: 1) dis-

sociation af CO på ruthenium og 2) platin og platin-yttrium legering testet for den

elektrokemiske Oxygen ReduktionsReaktion (ORR). Desuden er over�aden rekon-

struktioner af platin nanopartikler induceret af CO blevet undersøgt for forskellige

partikelstørrelser.

Alle model-katalysatorer bestod af masse-udvalgte nanopartikler på plane oxid-

eller kulsubstrater. Nanopartiklerne blev fremstillet i et ultra højt vakuum (UHV)

kammer ved hjælp af magnetron sputter gas-aggregerings-teknikken og masse-selekteret,

før deponering på substratet. Denne fremgangsmåde giver velde�nerede model

katalysatorer med mono-dispergerede nanopartikler, hvor partikelstørrelse og par-

tikel dækning kan varieres uafhængigt, ideel til undersøgelse partikelstørrelses ef-

fekter. Model-katalysatorerne er desuden kompatible med UHV "surface science"

teknikker, som muliggør detaljeret karakterisering af partikelstrukturen, grundstof-

sammensætning og reaktivitet.

I undersøgelsen af CO dissociation på ruthenium, blev nanopartikler i stør-

relsesområdet 3 - 15 nm deponeret på yderst ordnet pyrolytisk gra�t (HOPG)

og de aktive sites for CO dissociation blev probet ved temperaturprogrammeret-

desorptions-spektroskopi med isotop mærket CO. Kombineret med transmissionse-

lektronmikroskopi opnår vi indsigt i, hvordan størrelse og morfologi af nanopartik-

lerne påvirker aktiviteten for CO dissociation. Overraskende blev det konstateret,

at større partikler eksponerer en højere fraktion af aktive sites. Det foreslås, at dette

skyldes at de store partikler eksponerer en mere ru over�ade, der indeholder en høj

fraktion af under-koordinerede sites, end de mindre partikler. Variationen i over-

�aderuhed med partikelstørrelse foreslåes at være en konsekvens af vækstprocesserne

i gas-aggregerings-kammerret. Endvidere har vi tilvejebragt et link mellem CO des-

orption kendetegnene fra Ru enkeltkrystallinske model-katalysatorer til nanopar-

tikulære model katalysator, for at mindske kløften mellem de to typer materialerne.

Aktiviteten af platin og platin-yttrium nanopartikler på glassy carbon for den
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elektrokemiske ORR blev undersøgt i størrelsesområdet fra 2 til 11 nm, og en stør-

relsesafhængighed for både ren platin og platin-yttrium nanopartikler blev etableret.

For ren platin, blev den speci�kke aktivitet fundet til at stige med stigende par-

tikelstørrelse, og den speci�kke aktivitet korrelerer med fraktionen af terrasse sites.

Det blev derfor konkluderet, at de aktive sites for ORR på platin er placeret på

terrasserne, i god overensstemmelse med tidligere teoretiske forudsigelser. Et mak-

sima i massen-aktivitet blev fundet for partikler med ∼3 nm i diameter. For PtxY

nanopartikler blev der observeret en klar forbedring af ORR aktivitet i forhold til

rene platin nanopartikler, og efter vores bedste overbevisning, udviste de 9 nm

Pt5Y nanopartikler den højeste ORR aktivitet nogensinde målt på nanopartikler.

Det foreslås at oprindelsen af den forøgede aktivitet er forårsaget af et komprimeret

platin overlag som dækker en kerne bestående af en PtxY legering.

Emnet for adsorbat inducerede over�ade rekonstruktioner blev belyst med en

model katalysator af platin nanopartikler på et SiO2 substrat og en Pt(111) enkeltkrys-

tal, som blev udsat for et forhøjet tryk af CO. Den ru Pt(111) krystal blev udsat for

et mbar tryk af CO ved høje temperaturer hvilket gav anledning til en forfremmelse

af udglatningsprocessen hvorimod samme behandling af 3 nm og 6 nm platin par-

tikler tilsyneladende inducerede en over�ade ruhed. 11 nm partiklerne viste kun en

mindre stigning i over�aden ruhed. Hypotesen er at de observerede forskelle i CO in-

duceret over�ade rekonstruktion med partikelstørrelse er relateret til facet-størrelsen

og fordelingen af over�adeatomer med lav koordinationstal.

Resultaterne fremhæver struktur-følsomheden af katalytiske reaktioner og påvirkn-

ing fra adsorbater og gas-atmosfæren på strukturen af nanopartikler. Resultaterne

viser desuden, at brugen af temperatur-programmeret-desorptions-eksperimenter er

en følsom metode til at probe kon�gurationen af over�ade sites og til at skelne

mellem lav-indeks facetter og under-koordinerede atomer på både enkeltkrystal og

nanopartikel model-katalysatorer.
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Chapter 1

Introduction

The work presented in this thesis involves fundamental research in the area of het-

erogeneous catalysis, limited to solid model catalysts interacting with gas phase

molecules. The work has been focussed around how the reactivity of supported

nanoparticles correlate to the particle morphology. This subject has been studied

experimentally by fabricating model catalysts consisting of mass selected nanopar-

ticles deposited onto planar supports. The model catalysts have primarily been

investigated by surface science techniques using an ultra high vacuum setup, with

the exception of one model system that was tested in an electrochemical cell by

collaboration with the electrochemical lab at CINF. In general, it has been a collab-

orative project involving several other PhD students and post-docs at other ultra

high vacuum setups and at an electrochemical cell setup, very much in line with the

scienti�c philosophy at CINF.

In this chapter the research topic will be motivated and key concepts within het-

erogeneous catalysis and the reactivity of supported nanoparticles will be introduced

and serve as the basis for understanding the origin of the catalytic properties of a

catalyst and how it is possible to tailor the properties of a catalyst.

1.1 Heterogeneous Catalysis

A chemical reaction between molecules involve a transformation by bond breaking

and bond making. Thermodynamics determine the possible extent of this transfor-

mation, i.e. the equilibrium constants. A catalyst is de�ned as a compound that

accelerates the reaction (in�uences the kinetics) by providing an alternative reaction

pathway, as illustrated in Figure 1.1, without being consumed in the process. The

catalyst works by interacting with the reactant molecules (forming chemical bonds
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Chapter 1. Introduction

with them) leading to lower activation barriers and, hence, a higher rate of reaction.

Figure 1.1: Potential energy diagram of a catalysed and non-catalysed re-
action. It illustrates the role of the catalyst, providing an alternative reac-
tion pathway. Note that the alternative reaction pathway facilitated by the
catalyst has a much lower energy barrier than the non-catalysed pathway.
Adapted from [1].

Catalysis is, and has historically been, very important in the development of

modern society. Catalysis is involved in nearly 90% of all chemical processes in

the production of important products such as fuels, plastics, pharmaceuticals and

ammonia (nitrate fertilizer)[1]. As an example, the ammonia production world-wide

consumes ∼1 % of the total human related energy consumption, despite the use of

catalysts and considerable improvements in the energy e�ectiveness of the process.

Ammonia is primarily used to produce the agricultural fertilizer which is indispens-

able in the food production for the worlds growing population. The production of

chemicals through catalytic processes can in many cases be utilized to avoid the use

of toxic and hazardous reagents and solvents and to minimize the production of un-

desirable bi-products. The development of better catalysts is therefore essential for

making the chemical industry more environmental friendly by minimizing the energy

consumption and the production unwanted side products. Another great challenge

lies within ensuring the future energy supply from sustainable energy sources such

as wind, hydro and solar energy. The electric power production from these sources

has a variable and intermittent output. In this regard, the conversion and storage
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1.2. Understanding the reactivity of transition metal surfaces

of renewable energy is essential. One approach is to convert electrical energy into

chemical energy and in this conversion catalysis is a key component. The conversion

of energy is unavoidably associated with an energy loss and the e�ciency is primarily

determined by the performance of the catalyst in use. Research in catalysis, leading

to the development of better and economically viable catalysts is therefore essential

if a larger part of the future energy production is to come from renewable energy

sources.

Catalytic reactions on solids occur on the surface of the catalyst. The often

expensive catalyst material is therefore utilized most e�ciently by maximising the

surface-to-volume ratio, and the active material in an industrial catalyst is thus

typically highly dispersed into nanoparticles on a high surface area support. Funda-

mental research in catalysis has traditionally been conducted on extended surfaces

(single crystals), but it has been found that nanoparticles can have signi�cantly

di�erent catalytic properties. This motivates the study of nanoparticulate model

catalysts to gain a deeper understanding of "real" industrial catalysts.

1.2 Understanding the reactivity of transition

metal surfaces

A basic theoretical description of the parameters that govern the reactivity of a

surface, will be presented in this section.

The origin of the reactivity of transition metal surface can be understood on

the basis of the Newns-Anderson model[2, 3], which can broadly account for what

happens when a molecule approaches and binds to a surface and accounts for the

di�erences in reactivity through the transition metals in the periodic table[4, 5].

When a molecule approaches a surface it initially the feels a weak attractive Van

der Waals forces and as the molecule approaches further towards the surface the

molecule may be chemisorbed when the electronic wave functions of the molecule

and the metal interact and if a rearrangement of the electronic con�guration occurs.

This is shown schematically in Figure 1.2b. Figure 1.2a illustrates the density of

states of a transition metal which consist of a broad sp-band and a narrow d-band.

The interaction between the electronic states of the molecule and the metal sp-band

leads to a broadening and a downshift of the molecular energy levels, contributing to

a bonding of the molecule to the surface. The interaction of the bonding and anti-

bonding intra-molecular energy levels with the narrow d-band leads to a splitting

3



Chapter 1. Introduction

(a) (b)

Figure 1.2: (a) Schematic drawing of the density of states of transition
metals. Note the broad sp-band and the narrow d-band. (b) Molecule with
a bonding σ orbital and an antibonding σ∗ orbital interacting with the sp-
band and d-band of the transition metal. Both adapted from [1].

of these levels which constitute the bonding and anti-bonding orbitals between the

molecule and the metal. The bonding orbitals between the molecule and metal move

down in energy and contribute to the bonding of the molecule, whereas the anti-

bonding orbitals between the molecule and metal moves up in energy and weakens

the bonding. The energy levels that fall below the metal Fermi energy will be

�lled and any �lling of the intra-molecular anti-bonding orbital weakens the intra-

molecular bond which may lead to dissociation of the molecule while simultaneously

strengthens the bonding of the molecule to the surface. This is the essence of how a

catalyst facilitates the dissociation of a molecule. The important conclusion is that

the interaction with sp-band primarily contributes to the bonding of the molecule

to the surface whereas the interaction between the metal d-band and anti-bonding

molecular orbital determines whether the adsorbed molecule dissociates. It is the

position of the d-band center that determines the degree of �lling of anti-bonding

molecular orbital and therefore in-turn the reactivity of a transition metal surface.

The position of the d-band center is therefore a crucial parameter for understanding

the variations in reactivity through the transition metals.

The catalytic activity of a surface is, however, not only a matter of minimizing the

activation energy. If the surface is too reactive the molecules will easily dissociate,

but the reactants, reaction intermediates or products will bind too strongly to the

surface and block the surface to further reaction turn-overs. The optimal catalyst

for a given reaction is therefore always subjected to a compromise between a low

activation barrier and intermediate bonding of adsorbates. This concept is called
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Sabatier's principle. Sabatier's principle gives rise to volcano shaped curves as shown

in Figure 1.3 for ammonia synthesis. The �gure nicely illustrates the fact that metals

to the left in the periodic table are capable of dissociating N2 but bind the adsorbed

N-atoms too strongly whereas metals to the right are incapable of dissociating N2,

leading to a maximum activity for the metals with the best compromise.

Figure 1.3: Volcano curve of the catalytic activity of various supported
metals for ammonia synthesis as a function of the d-band occupancy of the
metal. Adapted from [1], originally from [6].

1.3 Tailoring the reactivity

As explained in the previous section, the position of the d-band center determines

the reactivity of a given surface. Finding a way to shift the d-band center for a given

metal will therefore be a tool to tune or tailor the reactivity of that metal.

1.3.1 Stress or strain

For a given metal, the overlap between the electron orbitals of the surface atoms can

be changed by introducing stress or strain in the surface, i.e. e�ectively compressing

or expanding the lattice distance. This can also be seen as respectively increasing or
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decreasing the average coordination of the surface atoms. A change in the overlap of

the electron orbitals between the surface atoms will change the width of the d-band,

and to maintain its �lling degree the d-band center will have to move either up or

down. This will alter the electronic properties of the surface and thereby also the

reactivity. A compressed surface will be less reactive than a strained surface. Such

stress or strain can be introduced by epitaxially growing a thin metal layer on top

of another metal with a slight lattice mismatch. This can be done both on single

crystals or in the form of core-shell nanoparticles.

1.3.2 Modifying the structure

The coordination number of surface atoms di�er from one crystal facet to another.

More open surfaces have a lower average coordination number than closed surfaces

and are therefore generally more reactive. The same applies to under-coordinated

surface atoms such as steps and kinks. As an example, the step sites (so-called B5

sites) on Ru(0001) were found to be nine orders of magnitude more active for N2

dissociation (the rate limiting step in ammonia synthesis) than the facets [7, 8]. The

B5-step sites are hereby completely dominating as active sites for ammonia synthesis

compared to the close packed Ru(0001) surface. The dominating e�ect of under-

coordinated adsorption sites emphasise the importance of controlling/predicting the

atomic structure of the catalyst. This is also highly relevant for nanoparticles as

they expose various crystal facets along with under-coordinated sites such as steps,

kinks, edges and corners. The abundance of speci�c active sites is determined by

the size and morphology of the nanoparticles, which hereby determines the catalytic

properties of the catalyst. The ability to control or predict the size and morphology

of supported nanoparticles is therefore essential when developing new catalysts.

1.4 Nanoparticle morphology

The equilibrium shape of a nanoparticle is determined by the surface free energy of

the crystal facets as the shape that minimizes the total surface energy at constant

volume. The shape can be found with good approximation by calculating the Wul�

construction based on the Wul� theorem from 1901[9]. The theorem states that the

normal distance hhkl from a speci�c facet (hkl) to the center of the particle is propor-

tional to the surface free energy γhkl of that facet, with a common proportionality

factor. Knowing the surface free energy for a su�cient number of low energy facets,

it is possible to construct the particle shape, as shown in Figure 1.4a, by the equa-
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tion, h111
γ111

= h100
γ100

= ... = hhkl
γhkl

. This leads to a faceted particles that predominately

expose facets with lowest surface energy. A Ru particle found by Wul� construction

based on surface free energies calculated by density functional theory is shown in

Figure 1.4b[10]. When the particle is supported on a substrate, the adhesion energy

β between the particle and the substrate will cause the particle to wet the substrate

as seen in the bottom of Figure 1.4a. Strong adhesion will cause a high degree of

wetting whereas weak adhesion will almost will preserve the unsupported shape.

(a) (b)

Figure 1.4: Wul� construction. (a) A 2D schematic of the Wul� construc-
tion. Top: Unsupported particle. Bottom: Particle adhered to a substrate.
γ is the surface free energy, h is the distance from the center to the facet and
β is the adhesion energy. (b) Ru particle calculated by Wul� construction.
Both adapted from [10].

Of course, the Wul� construction does not take into account energy associated

with the formation of under-coordinated sites such as edges and corners. In real-

ity, edges and corners may be reconstructed if it is energetically favourable so the

Wul� construction can not be used to gain detailed structure information about the

catalytically important under-coordinated sites.

1.5 Modelling the "real" catalyst

The surface science approach to catalyst research is to build simpli�ed model sys-

tems that mimic the catalytically active surface of the real industrial catalyst, and

employ surface science techniques to study the model system. The often large dif-
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ferences between the model catalyst and the industrial catalyst present a barrier

when relating the information gained from model studies to the working catalytic

converters.

A typical industrial metal catalyst consist of highly dispersed metal nanoparticles

on high surface area oxide supports such as Al2O3, TiO2 and SiO2 or carbon, where

the metal nanoparticles are the active surface. The activity, selectivity and stability

of such catalysts for a given reaction are governed by factors such as the metal

element, particle size, particle atomic structure and support e�ects such as particle-

support interactions.

Model systems based on metal single crystals have been developed to mimic the

active metal surface. Single crystals can be carefully cleaned under UHV condi-

tions so that they expose a well-de�ned crystal facet termination. Single crystal

model catalysts can be used to study the catalytic properties of a metal facet with a

speci�c orientation, including the e�ect of steps. Using microscopy and surface sen-

sitive spectroscopy techniques, these systems have been characterised at the atomic

level and gas adsorption/desorption, surface reactions and adsorbate-adsorbate in-

teractions have been studied in great detail and correlated to the surface structure.

Keeping in mind that real catalysts are supported nanoparticles, such single crystal

experiments can not be used to investigate particle size e�ects or support e�ects.

To overcome this discrepancy, called "the material gap", model systems consist-

ing of metal nanoparticles supported on well-de�ned planar oxide or carbon surfaces

has been created. These model systems constitute a better replica of a real catalyst

while still compatible with currently developed surface science techniques, enabling

investigations of particle size e�ects and support e�ects. Going from single crys-

tals to supported nanoparticles increases the complexity of the model system, which

become less well characterised. It is especially challenging to gain atomic scale

structure information of the supported nanoparticles whereas the support can be

very well characterised. Almost all the experimental methods used for surface char-

acterisation (except microscopy) such as x-ray photoelectron spectroscopy, when

studying gas adsorption/desorption and when measuring reaction rates are integral

(area-averaging) methods, probing the entire ensemble of nanoparticles. Deriving

particle size e�ects from such experiments will thus require samples with a narrow

particle size distribution.

In this project, the approach to study correlations between particle size/structure

and the reactivity has been to deposit mass selected nanoparticles onto planar sup-

ports under UHV conditions. The nanoparticles were produced in a clean UHV
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environment from high purity metal targets without any need for cleaning or pre-

treatment procedures. This is in contrast to chemical synthesis methods where

precursors or polymers must be removed before characterisation or catalyst testing.

The model system hereby contain supported particles with a narrow size distribu-

tion and any observed size e�ects can readily be deduced by comparing results from

samples with di�erent size particles. It is important to note that the mass selection

does not ensure a particular structure of the deposited particles, nor does it ensure

that the ensemble of particles adopt the same structure. The particle structure must

be investigated by microscopy, e.g. by transmission electron microscopy.

Industrial catalysts are often working under reaction conditions at elevated pres-

sure and temperature, but a majority of surface science techniques require UHV

conditions to operate. The large pressure gap induces a barrier for transferring

results found under UHV conditions to the catalyst under operating conditions.

The catalyst particles may dynamically change shape in response to changes in the

gaseous environment[11] and metal oxide or carbide phases may form under reac-

tion conditions[12], which in both cases will alter the catalytic properties. For the

purpose of studying catalysts under (or close to) reaction conditions, experimental

setups has been developed with in-situ cells in particular at synchrotron facilities

using x-ray scattering and spectroscopy techniques at ambient pressure[13] as well as

x-ray photoelectron spectroscopy under mbar range pressure[14, 15]. Environmental

transmission electron microscopy and high pressure scanning tunnelling microscopy

also serve as tools to study model catalysts at elevated pressures[16].

As an attempt to narrow the pressure gap a UHV compatible high pressure cell

has been mounted on the existing UHV system, which allows direct transfer of

samples under UHV, between the high pressure cell and the UHV chamber. The

high pressure cell can be used for high pressure dosing and as a batch reactor since

the gas composition inside the cell can be continuously probed by a quadrupole mass

spectrometer. With this con�guration, the sample can be prepared and characterised

under UHV conditions before and after reaction or high pressure exposure, without

exposing the sample to open air, but can not be studied in-situ during reaction.
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1.6 Thesis outline

Chapter 1 was an general introduction to heterogeneous catalysis along with a

basic description for understanding the origin of structure sensitivity

Chapter 2 describes the experimental setup and the experimental methods that

have been used throughout this project, with most emphasis on less well known

techniques such as the nanoparticle generation method.

Chapter 3 addresses the structure sensitivity and particle size dependence of the

dissociation of CO on ruthenium nanoparticles, with a model catalyst consisting of

mass selected Ru nanoparticles supported on Highly Oriented Pyrolytic Graphite.

Additionally, we have investigated the materials gap between single crystal and

nanoparticulate systems. The chapter starts with an introduction to this subject.

Chapter 4 addresses the topic of adsorbate induced surface-structure reconstruc-

tions. We have probed CO induced structural changes of mass selected platinum

nanoparticles supported on SiO2/Si by TPD experiments and compared the results

to a parallel set of experiments on a Pt(111) single crystal. The chapter starts with

an introduction to this subject.

Chapter 5 describes the results from a project involving platinum and platinum-

yttrium alloy nanoparticles as a catalyst for the electrochemical oxygen reduction

reaction relevant for fuel-cell applications. The structure sensitivity and size de-

pendence of the reaction is addressed both for pure platinum and platinum-yttrium

alloy nanoparticles.

Chapter 6 is as general summery and conclusion based on the results presented

in the previous chapters.
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Experimental setup and methods

This chapter describes the experimental setup as well as a basic description of the

experimental methods used in our studies. Methods that are not well known or

methods used in a specialized manner are described in detail whereas well-known

methods commonly used in the literature are only brie�y described.

2.1 The Ultra High Vacuum System

The Ultra High Vacuum (UHV) system consists of four interconnected chambers

which can be isolated from each other by gate valves. The four connected UHV

chambers are named as follows; the Analysis chamber, the Preparation chamber,

the High Pressure Cell and the Cluster Source. Throughout the project, two dif-

ferent cluster source chambers have been used, they will be referred to as Cluster

source I and Cluster source II. The system operates with sample holders that can be

introduced the vacuum system via a loadlock, and transferred between the analysis

chamber, the preparation chamber and the high pressure cell by the use of linear

transfer arms and wobble sticks.

2.1.1 Analysis Chamber

The analysis chamber is an Omicron Multiscan Lab equipped with a Scanning Elec-

tron Microscope (SEM) and a Scanning Tunneling Microscope (STM). The SEM is

a UHV Gemini column with an optimum lateral resolution of 3 nm and is foremost

used for overview imaging of samples, i.e. checking for homogeneity of the nanopar-

ticle coverage and for sintering. The STM is capable of achieving atomic resolution,

but for nanoparticulate samples this has been extremely di�cult to achieve due
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to the unfavourable morphology of the particles and the extreme height variations

across the particles. The STM is on the other hand excellent for nanoparticle height

measurements. For surface characterisation and compositional analysis the chamber

is also equipped with a �xed x-ray source (Mg and Al anodes) for X-ray Photoelec-

tron Spectroscopy (XPS), and the SEM column is used as electron source for Auger

Electron Spectroscopy (AES). Furthermore a di�erentially pumped focused ion-gun

with He is used for Ion Scattering Spectroscopy (ISS), which complements XPS and

AES by only probing the outermost atomic layer. The spectroscopic energy analy-

sis is conducted with a Hemispherical Energy Analyser (HEA) capable of analysing

both electrons and positive ions up to 2000 eV. The chamber is pumped by a Varian

ion getter pump as well as a Pfei�er turbo molecular pump which can be isolated

by a gate valve. The base pressure is typically in the 10−11 mbar range.

Figure 2.1: A diagram showing the total experimental setup. On the left
is the Analysis chamber, in the middle is the Preparation chamber with the
High Pressure Cell attached and to the right is the Cluster source.
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2.1.2 Preparation Chamber

The preparation chamber is used for sample preparation which typically involves

sample de-gassing, sputter cleaning of substrates and the deposition of nanopar-

ticles from the cluster source. The chamber is also equipped with a di�erentially

pumped Balzers QMA 125 Quadruple Mass Spectrometer (QMS) for the purpose of

performing Temperature Programmed Desorption (TPD) experiments. The cham-

ber is pumped by a Varian ion getter pump as well as a Pfei�er turbo molecular

pump which can be isolated by a gate valve. The base pressure is typically below

10−10 mbar. The sample receptor stage is mounted on the end of a linear transfer

arm to move the sample to various positions in the chamber. The stage incorpo-

rates a Pyrolytic Boron Nitride (PBN) heating element capable of heating the entire

sample holder to ∼ 800◦C.

2.2 Sample holder and sample substrates

The sample holder itself (Omicron VT) is depicted in Figure 2.2(a)-(d) and comes

in two types: Type (a) incorporates a PBN heater and is typically used with HOPG

substrates (7 mm×7 mm, SPI 1-grade). The temperature is measured by pressing a

C-type (W5%Re/W26%Re) thermocouple junction into the backside of the HOPG

substrate. Type (b) does not contain a heating element and is used with SiO2/Si-

RTD substrates which can be heated by passing a DC current directly through

the wafer. The temperature is measured by the integrated resistance temperature

detector (RTD) which is contacted by molybdenum foils attached to the top plate

(see the following section for more details about the Si substrates with integrated

RTD). A third sample holder, machined from a molybdenum block, was made in-

house to carry the glassy carbon disks that were used as substrates for Pt and Pt-Y

alloy nanoparticles. The glassy carbon disks were used as working electrodes in the

electrochemical cell when measuring the activity of the mass-selected particles for

the oxygen reduction reaction.
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Base plate

PBN heater
HOPG

C-type
thermocouple

Alumina top plate

Heater contact

(a)

HOPG

(b)

Base plate

SiO
2
/Si

RTD
contact foil

Alumina top plate

Heating
contact foil

Heater contact

(c)

SiO
2
/Si wafer

(d)

(e) (f)

Figure 2.2: (a) Omicron VT sample holder with incorporated PBN heater
located just under the sample. This holder is typically used for HOPG sub-
strates. (b) Top view of sample holder used for HOPG substrates. (c)
Omicron VT sample holder without heating element is used for the Si/SiO2-
RTD substrates which are heated by passing a DC current through the wafer.
(d) Top view of sample holder used for Si/SiO2-RTD substrates. (e) Sample
holder made for glassy carbon disks used as electrode in the electrochemical
cell for the oxygen reduction reaction. (f) Top view of the glassy carbon
sample holder.
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2.2.1 Si/SiO2 substrates with incorporated RTD

A planar substrate exposing a SiO2 surface on the front-side was designed and

fabricated with an integrated platinum resistance-temperature device (RTD) on the

back-side, as a support for mass selected nanoparticles. The substrate facilitates

a highly responsive and accurate measurement of the sample temperature which is

desirable for temperature programmed desorption (TPD) experiments. Generally

it is a di�cult task to achieve a precise temperature measurement of a non-metal

substrate under vacuum conditions. Typically thermocouples are used to measure

the sample temperature in a UHV setup but it can be di�cult to achieve a good

and reproducible thermal contact to an oxide substrate. In the case of a metal

single crystal, the thermocouple is often spot-welded to the crystal which ensure

good thermal contact. I our case, new oxide substrates were used for each particle

deposition, so good reproducibility was essential, and di�cult to achieve by pressing

or glueing a thermocouple onto the substrate.

Figure 2.3: Schematic drawings of the device (a) Top view of the back side
of the device showing the RTD design. (b) Side-view of the device showing
the layered structure. The front side of the chip is where nanoparticles are
deposited and the surface studies are performed. See text for a description
of the fabrication process. The devices are fabricated by Thomas Pedersen
at the clean-room facilities at DTU Nanotech.

A schematic drawings of the backside and side-view of the device are shown in Fig-

ure 2.3(a) and (b), respectively. The substrates incorporate a platinum resistance-

temperature device (RTD) on the backside and expose a thin layer of SiO2 grown

by wet oxidation on top of the Si(111) wafer on the top side. The substrates were

made by micro-fabrication techniques in the clean-room facilities at DTU-nanotech.

For TPD experiments, substrates with 100 nm SiO2 were used. The samples were

heated by passing a direct current through the wafer, and the resistance across the

wafers were 12.5 Ω.

The chips are fabricated on 111 oriented, 380 µm thick, double side polished

silicon wafers. Each wafer contains 239 chips. The resistivity of the wafer is about 6

ohm-cm. Since the chip is resistively heated it is preferable to have a resistance across
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the chip of about 10 Ω, so the �rst step of the fabrication is to di�use phosphorous

into the wafer to change the sheet resistance. A phosphorous pre deposition is made

in a POCl3 atmosphere at 1000 ◦C for 30 min, this lowers the sheet resistance and

gives a resistance across each chip of ∼14 Ω. Next, a 300 nm oxide �lm is grown

and on top of the oxide a 50 nm nitride �lm is deposited. The insulator stack is

used to insulate the RTD from the bulk silicon. The oxide and nitride layers are

patterned using a standard UV lithography process. The nitride is etched away on

the frontside of the wafer and in the pattern de�ned by the resist on the backside in a

reactive ion etch system. The silicon oxide �lm is etched using bu�ered hydro�ouric

acid (BHF). Following the de�nition of the insulator stack a 10 nm thick silicon

oxide is grown on the frontside of the chip. The RTD and the contacts are de�ned

using a lift o� process. Next, the metal is deposited using an E-beam evaporator

and �nally it is lifted o� in acetone leaving a metal pattern as de�ned during the

lithography process. Before dicing the wafer into individual chips the surface of the

wafer is protected with a 1.5 µm thick resist layer on each side. This will leave the

surface free of particles otherwise deposited during the dicing process.

Figure 2.4: The resistance vs. temperature behaviour of the RTD, measured
in a tube furnace in a �ow of Ar.

The resistance-temperature behaviour of the RTDs was measured in a tube fur-

nace in a �ow of Ar. The result is shown in Figure 2.4 and it is seen that the

resistance vs. temperature response of the RTD can be perfectly �tted with 2. order

polynomial. During the �rst heating ramp to ∼650 ◦C the Pt RTD anneals out

but after the �rst annealing the temperature coe�cients of the resistance remains

constant if the temperature is kept below the annealing temperature.

When the substrates are used in the vacuum chamber they are mounted in the
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sample holder as shown in Figure 2.2(c) and (d). Di�erences in contact resistances

proved not to be a problem, as TPD spectra were observed to be very reproducible

between samples.

2.3 High Pressure Cell

The High Pressure Cell (HPC) itself is manufactured of Ni-free steel (W no. 1.2510)

to prevent the formation of Ni carbonyls and has six CF70 �ange connections. The

HPC is capable of handling pressures up to 1 bar and is equipped with a MKS 121A

Baratron R© capacitance gas independent pressure sensor with 1000 mbar full range

and 0.1 mbar resolution. The cell is attached to the preparation chamber via a gate

valve, which enables in-vacuum transfer of the sample, and makes it possible to have

up to 1 bar in the HPC while maintaining UHV in the preparation chamber. The

sample receptor stage and electrical contacts for sample heating and temperature

measurements are identical to the design in the preparation chamber but without

any heating elements in the sample stage itself. The HPC is connected to a gas

handling system where the feed gas supply can be controlled and additional gas

cleaning can be done before �lling the HPC. The HPC and the gas handling system

are fully UHV compatible and bakeable to at least 150 ◦C. A schematic drawing

of the HPC and a diagram of the gas handling system is shown in Figure 2.5. The

Cu cat.

Active C Gas Kleen

MFC

MFC

H2

TMP

CO

HPC

PG

QMS

TMP

TMP

Prep. 
chamber

Glass capilary

Cu coil
cold trap

Cu

Stainless steel

Ni free Steel

Gate
valve

All-metal valve

TMP

Rotary pump

Figure 2.5: A schematic drawing of the high pressure cell and a diagram of
the accompanying gas handling system. Only the relevant H2 and CO lines
are shown. The color coding indicates the material as noted in the �gure.
Abbreviations: TMP = turbo molecular pump, Cu cat. = copper catalyst
�lter, Active C = active carbon �lter, MFC = mass �ow controller, QMS =
quadrupole mass spectrometer, PG = Baratron absolute pressure gauge.
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cell is connected directly to the ionization chamber of the QMS mounted on to the

preparation chamber via a glass capillary that reduces the pressure by a factor of

∼ 109. This arrangement makes it possible to probe the gas composition inside

the cell and hereby use it as a batch reactor. The cell is pressurized from the gas

handling system through the inlet valve, which is closed when the desired pressure

has been achieved. The cell is evacuated through the outlet valve either to the

fore-vacuum pump or directly into the turbomolecular pump on the gas handling

system, depending on the pressure.

The CO feed line on the gas handling system di�ers from the other lines as

it contains a series of �lters to remove trace amounts of nickel-carbonyl species,

Ni(CO)4, contained in the CO feed gas. Nickel-carbonyls are formed by CO at high

pressure reacting with nickel contained in the steel tubing. The �rst �lter contains

activated carbon, followed by a commercial �lter (Mini Gaskleen, Pall Corporation)

to absorb impurities such as O2, H2O, CO2 and Ni(CO)4. The third stage is a

cold trap made of a coiled up 1/4" copper tube submerged into a ethanol slurry

bath cooled by liquid N2, to condense out any residual nickel-carbonyls. To avoid

any nickel-carbonyl formation after the �lters, all tubing to the HPC is made from

copper.

2.4 Cluster Source

Two di�erent cluster sources have been used throughout this project, both with mass

selection capability. Both sources use the magnetron sputtering inert gas aggrega-

tion principle for the cluster formation but di�er on the mass selection principle.

Cluster source I uses a quadrupole mass �lter whereas cluster source II makes use

of a lateral time-of-�ight (TOF) principle for the mass selection. Cluster source I is

supplied by Mantis Deposition Ltd[17] and consists of the Nanogen 50 nanoparticle

source with the MesoQ mass �lter. Cluster source II was supplied by Birmingham

Instruments in the fall 2011 and the instrument is called Nanobeam 2011. Com-

missioning of cluster source II and the development of the methods to measure the

cluster current/deposition rate have been conducted in the course of this project.

Both sources are fully UHV compatible and bakeable to at least 150◦C and a

base pressure of 2·10−10 mbar is typically achieved. A good vacuum has proven to be

essential for producing clean metal nanoparticles as highly reactive transition metals

such as ruthenium, platinum and yttrium are especially sensitive to contaminations.

As the sources are operated with mbar range pressures of Ar and He the gas purity is
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of great importance. For that reason the Ar and He gasses are of N60 purity and in

order to increase the purity even further, the gasses are passed through gas cleaning

�lters consisting of stainless steel tube �lled with a reduced iron based catalyst, that

adsorb trace amounts of O2, H2O and CO.

Cluster source I was used to produce the Ru nanoparticles for the CO dissociation

investigations (Chapter 3) and to produce Pt nanoparticles for the study of CO

induced surface reconstruction (Chapter 4) and of the size dependence of the activity

for electrochemical oxygen reduction reaction (Chapter 5). Cluster source II was

used for producing Pt-Y alloy nanoparticles for electrochemical oxygen reduction

reaction (Chapter 5).

2.4.1 Cluster formation principle

The cluster formation principle is based on the nanoparticle source described by

Haberland in ref [18]. A schematic drawing of cluster source I is shown in Figure 2.6

and the condensation chamber (left part) is representative for both cluster source

I and II. The nanoparticles are formed by gas-phase condensation of metal atoms

sputtered from a metal target mounted on a magnetron sputter head (B). The mag-

netron head is located inside a liquid nitrogen cooled condensation (or aggregation)

chamber(C) with a small exit aperture and inlet gas lines for supply of Ar and He

gases which are controlled by mass �ow controllers. The metal target is biased by

∼200 V which ionizes the Ar gas that is introduced locally above the metal. A

strong magnetic �eld created by permanent magnets behind the target traps elec-

trons in front of the target enhancing the ionizing probability and an Ar plasma can

be ignited and sustained in front of the target. The intense sputtering produces a

dense vapour of metal atoms inside the condensation chamber and the cooled Ar and

He gas facilitate the condensation process by cooling the metal atoms and clusters

through collisions. The Ar and He also serves the purpose of carrier gas sweeping the

metal atoms and clusters through the condensation zone. The condensation process

starts by a dimer formation through a three-body collision with two metal atoms

and one Ar atom[18]. The clusters can now grow into nanoparticles by ad-atom

growth or by cluster-cluster coagulation[19]. The dominating growth process will

play a determining factor for the �nal shape and structure of the nanoparticles that

will be deposited.

The gas exiting the condensation chamber is expanded through the exit aperture

followed by a conical shaped skimmer (L), with di�erential pumping of the volume

between. After this stage no further cluster growth is taking place. About 30% to
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80% of the particles are charged[18], which makes it possible to do mass �ltering

according to the mass-to-charge (m/z) ratio. After the expansion the particle beam

is now guided into the quadrupole or lateral time-of-�ight mass �lter for cluster

source I and II, respectively, which are described in the following sections.

Figure 2.6: Schematic of the nanoparticle source: A. Linear translator for
the magnetron sputter head, B. Magnetron sputter head, C. Cooling shroud,
D. Quadropole Mass Filter (QMF), E. Ion Gauge, F. Gate valve between NP
source and prep. chamber, G. Sample holder, H. Prep. chamber pumping,
I. Einzel lenz consisting of three stainless steel rings, J. Insertable plate for
measuring NP ion current, K. Pumping for QMF-zone by turbo molecular
pump, L. Skimmer for super sonic expansion and di�erential pumping of gas
stream, M. Pumping for gas aggregation zone by turbo molecular pump.
Adapted from [20].

The size or mass distribution of the particles exit the condensation chamber will

be determined by a number of factors including residence time in the condensation

zone, Ar and He pressure,metal vapour pressure and the temperature of the

condensation chamber walls. In the following it will be described how these factors

can be controlled and trends on how changes will a�ect the particle size distribution.

The growth mechanism is a complicated process which is not understood in detail

so exceptions to these trends may very well occur.

The residence time inside the aggregation zone determines the growth time so

the particle size is proportional to the residence time. The residence time can be

controlled by varying the position of the sputter head relative to the exit aperture,
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e�ectively changing the length of the condensation zone. Varying the Ar/He �ow

into the condensation chamber will a�ect both the residence time, due to changes in

the carrier gas �ow rate through the aggregation chamber, and the Ar/He pressure.

With a �xed exit aperture (as on cluster source I) the gas Ar/He �ow-rate and

Ar/He pressure can not be controlled independently. Cluster source II is equipped

with an adjustable exit aperture which decouples these two parameters. For a �xed

exit aperture, the Ar and He �ow rate will in general be inversely proportional to

the particle size, giving smaller particles with higher �ow rates. The Ar/He pressure

will determine the number of collisions between the cool Ar and He molecules so

for a �xed Ar/He �ow-rate, increasing the pressure by closing the exit aperture

will result in larger particles. The sputter power will determine the metal vapour

pressure and in general higher sputter power should give larger particles, but during

the experiments making Pt particles we found that low sputter power was also

successful in producing large ∼10 nm particles. The temperature of the aggregation

chamber in general a�ects the size distribution such that it is necessary to cool with

liquid nitrogen to produce particles above ∼2 nm, but this has been proven to be

very much dependent on the metal.

There has not been conducted a proper systematic study of how these parameters

a�ect the size distribution. In practice it has proven to be su�ciently easy to �nd

the source parameters that produce the particle sizes of interest utilizing the general

trend described above combined with trial and error. An example of how the particle

mass distribution depend on the Ar �ow/pressure is shown in Figure 2.11(a), where

it is seen that the average Ru particle size decreases with increasing Ar �ow/pressure.

2.4.2 Quadrupole mass �lter (Cluster source I)

The mass �lter on cluster source I is a quadrupole mass �lter with an ultimate

resolution of m/∆m = 50 and it is speci�ed to �lter particles in the mass range

from 350 amu to 106 amu[17]. The quadrupole principle is illustrated in Figure 2.7

and it consist of four rods sitting in a square arrangement as shown. The four rods

are pair-wise electrically connected as shown and one pair is biased by AC voltage

V with an angular frequency ω on top of a DC voltage o�set U (U + V cos(ωt))

and the same bias with opposite sign is applied to the other pair. Ions travelling

inside the quadrupole can only be transmitted (have stable trajectories) if the ratio

U/V is less than 0.168. Below this value, the ratio U/V de�nes the mass resolution

and corresponding values for the instrument are listed in Table 2.1. The choice of

U/V ratio is always a compromise between resolution and cluster �ux. The mean
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mass-to-charge ratio that is allowed to be transmitted through the quadrupole is

de�ned by the angular frequency ω when the amplitude V is held constant.

Figure 2.7: Schematic drawing of a quadrupole. Adapted from [21].

The full cluster source I setup is shown in Figure 2.6 with the sputter aggregation

chamber on the left, the quadrupole mass �lter in the middle and the preparation

chamber with the sample on the right. After the cluster beam has expanded through

the skimmer it enters the mass �lter where the charged particles are �ltered, and

guided into the preparation chamber and onto the sample by electrostatic (Einzel)

lenses. The uncharged fraction of the clusters are una�ected by the �lter. Despite

the sample being in line-of-sight with the magnetron, the contribution of uncharged

particles deposited onto the sample has been shown by microscopy and reference

experiments to be negligible.

U/V ratio Resolution = m/∆m
0.05 1.7
0.10 3.5
0.12 5.6
0.15 28.7

Table 2.1

2.4.3 Lateral time-of-�ight (Cluster source II)

This mass �ltering technique, called lateral time-of-�ight, was �rst described by von

Issendor� and Palmer in ref. [22] and a full description can be found therein. Brie�y

described, the technique is based on the time-of-�ight (TOF) principle, using time-

limited high voltage pulses to displace the cluster beam laterally, without changing

the direction or shape of the beam. A great advantage of this principle is that

the displacement of the clusters perpendicular to their original beam direction is

independent of their forward velocity, thus the mass resolution and the absolute

value of the �ltered mass does not depend on the cluster beam energy. In our

system a mass resolution of m
∆m

= 20 to 160 can be achieved with a transmission

up to 44 %, both independent of the selected mass. Choosing the mass resolution

is always a compromise between a narrow mass distribution and high throughput,
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and a mass resolution of 20 has typically been used. A schematic of the system is

shown in Figure 2.8.

A

A

TOF 
Mass filter

Lenses

Sputter-aggregation
chamber

Magnetron head
Cooling
shroud

Particle
trajectory

Skimmer

Exit
aperture

Ar inlet

He inlet

Figure 2.8: Side view drawing of cluster source II.

A schematic drawing of the lateral TOF mass �lter is shown in Figure 2.9(a).

The un�ltered cluster beam enters through a slit at the bottom left and is focussed

into a small spot at the far end as shown on the �gure. The beam is pulsed upwards,

perpendicular to its original direction by a voltage pulse applied to plate 1. The

beam drifts upwards for some time until an identical voltage pulse is applied to plate

4 which stops the upward motion while the beam continues to travel in the original

direction. All clusters gain the same momentum perpendicular to the beam direction

and clusters with the same mass will therefore gain the same velocity. When the

upwards motion is stopped by the second pulse, light clusters have travelled a longer

distance than heavy clusters. The timing of the two voltage pulses thus de�nes the

mass of the clusters that exit the slit at the upper right. The exit slit cuts out a

certain range of masses of the cluster beam, with the masses dispersed laterally, and

the width of the slit thus de�nes the resolution.

A schematic drawing of the voltage pulse timing is shown in Figure 2.9(b). τp
is the pulse width which is time needed for the clusters to travel the distance a

on Figure 2.9(a). τd is the delay time between the acceleration pulse and the de-

acceleration pulse which is the time needed for the clusters to travel the distance b.

τw is the wait time between the acceleration pulses which is the time necessary for

a new section of the beam to �ll the bottom of the chamber.

The mass resolution of the �lter can be calculated by considering the mass de-

pendence of the lateral displacement, and it can be shown that the best achievable
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(a) (b)

Figure 2.9: (a) Schematic of the lateral TOF. l = length of the ion beam
package displacement, x = total displacement, a = beam displacement dur-
ing the high voltage pulse, b = length of �eld free region, d1 and d2 = plate
separations, s = length of discarded ion beam, L = total TOF chamber
length. (b) Schematic drawing of the high voltage pulse timing. Identical
pulse-trains, displaced in time, are applied to plates 1 and 4 shown in (a). τp
= pulse length, τd = drift time between acceleration and deceleration pulse,
τw = time between consecutive acceleration pulses. Both adapted from [22].

resolution is given by the ratio between the distance x and the slit opening.[22]

m

∆m
=

x

∆x
(2.1)

where m is the �ltered mass, ∆m is the full width half maximum (FWHM) of

the mass distribution, x is the lateral displacement and ∆x is the FWHM of the

convolution of the exit slit opening and the beam pro�le width.

2.4.4 Measuring particle deposition rate

Two ways have been implemented of measuring the nanoparticle deposition rate.

The �rst method is based on measuring the nanoparticle current with an ammeter,

i.e. the amount of ions hitting the sample. Assuming that all the particles deposited

onto the sample carry a single charge, the measured electrical current is equal to

the rate of particles hitting the sample. The second method is based on measuring

the deposited mass with a Quartz Crystal Microbalance (QCM). During deposition

the sample is positioned behind a mask which contains three circular apertures with

varying diameters and the QCM housing, see Figure 2.10. The mask is mounted on a

linear drive for selection of aperture size or QCM measurement and the entire mask

is electrically �oated and grounded through an ammeter, with an option of biasing

the mask up to ±48 V by the use of batteries. The sample including the sample stage

is also �oating and grounded through an ammeter, also with the option of applying

up to ±48 V bias. The deposition current can be measured on the mask and on the
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sample simultaneously, making it possible to estimate how focussed the nanoparticle

beam is. The particles were in any case soft-landed, with a kinetic energy less than

0.1 eV/atom, onto the support surface[23]. By doing so, the nanoparticles are not

deformed upon impact with the substrate which has been observed at much larger

biases[24].

A

±48V

(a)

QCM
housing

Sample
holder

A

±48V

A

±48V

(b)

Figure 2.10: The deposition mask with various size apertures and integrated
QCM is shown in (a) front view and (b) side view with the sample in place
behind the 4.5 mm aperture. The wiring for measuring the cluster current
through ammeters is also shown along with the option of applying ± 48 V
bias to the mask and sample using batteries.

Before starting the deposition of particles, the mass �lter in the cluster source is

set to scan the �ltered mass in a prede�ned range while simultaneously measuring

the particle current, resulting in a mass spectrum as shown in Figure 2.11. When

the appropriate mass distribution of the cluster source has been realised, the mass

�lter is set to �lter particles of the desired mass. For depositing nanoparticles onto

a sample, the sample is positioned behind the selected aperture in the mask and the

deposition rate can be calculated from the measured cluster current and monitored

throughout the deposition.

In order to calculate the ORR mass activity of the mass-selected nanoparticles

it is paramount that we have an accurate measure of the total deposited mass. The

total deposited mass can be calculated from the cluster current when knowing the

individual particle mass, but due to the importance of knowing the deposited mass,

the deposition rate was also measured on the QCM prior to deposition. Assum-

ing that the deposition rate is constant throughout deposition, the total mass of

nanoparticles deposited onto the sample can be calculated. As the QCM measures
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(a) (b)

Figure 2.11: (a) Multiple nanoparticle mass scans from a ruthenium target
showing how the particle mass distribution of negatively charged Ru nanopar-
ticles that exit the aggregation chamber aperture change with di�erent Ar
�ow rates (or Ar pressure). The aggregation chamber aperture size was
�xed, the sputter power was 10 W and no He was used. (b) Mass scan ob-
tained from a Pt9Y target illustrating the capability of the TOF mass �lter to
select positively charged clusters with countable atoms. Both spectra were
obtained from Cluster Source II.

the deposited mass in a more direct manner, such measurement gives strong evi-

dence for the deposited mass. The deposition rate can be measured on the QCM

by positioning the quartz crystal in line of sight of the beam. Brie�y, the QCM

works in the following way. When mass is added to the face of the resonating quartz

crystal, the frequency of these resonances change which can be related to the change

in added mass by the Sauerbrey equation,

∆f =
2f 2

0

A
√
ρqµq

∆m (2.2)

where ∆f is the frequency change (Hz), f0 is the resonant frequency (Hz) of the

uncoated crystal, ∆m is the mass change (g), A is the piezoelectrically active crystal

area (cm2), ρq is the density of quartz (= 2.648 g/cm3) and µq is the shear modulus

of quartz ( = 2.947x1011 g/cm·s−2). The Sauerbrey equation is valid for small

amounts of deposited material corresponding to ∆f < 0.02f0, which was complied

with.

2.5 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) utilizes the photoelectric e�ect to give

elemental composition and chemical state information about the sample surface. A

26



2.5. X-ray Photoelectron Spectroscopy

valence or core electron can be emitted from an atom when the energy from an

incident photon is absorbed. The photo emission process is illustrated in Figure

2.12(a).

(a) (b)

Figure 2.12: (a) An illustration of the x-ray induced photo emission process.
An incident electron is absorbed and an electron is emitted. EB is the binding
energy, EF is the Fermi level, Ekin is the kinetic energy and hν is the photon
energy. Adapted from [25]. (b) A plot of the electron mean free path in
metals as a function of kinetic energy. Originally from [26].

The maximum kinetic energy Ekin of an emitted electron with binding energy Eb
can be expressed as[1]

Ekin = hν − Eb − ϕ (2.3)

where h is planck's constant, ν is the frequency of the incident radiation and ϕ is the

work function of the energy analyser. In XPS the intensity of the emitted electrons

is measured as a function of the kinetic energy, which is done by the hemispherical

energy analyser on this setup. Each element gives rise to a characteristic set of XPS

peaks that correspond to the electronic con�guration of the atom, and it is hereby

possible to identify the elemental composition of the sample. Additional peaks from

Auger electrons will also be present in the spectrum which can be identi�ed by

switching anode because Auger electrons have �xed kinetic energy independent of

the photon energy. Furthermore, less intense extra peaks might be present in an

XPS spectrum such as satellite peaks generated by other transitions in the x-ray

source anode and ghost peaks originating due to photons emitted from the unused

anode.

The x-ray source on the chamber has two anodes which can produce either Mg

Kα (1253.6 eV) or Al Kα (1486.3 eV) lines. Even though the penetration depth of the

generated x-rays is in the micrometer range, XPS is a surface sensitive technique due

to the short mean free path of the emitted electrons, which have kinetic energies in
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the 0-1000 eV range. Figure 2.12(b) shows the electron mean free path as a function

of kinetic energy in metals and it is seen that the mean free path is 0.5 - 2 nm in

the relevant region from 10 eV to 1300 eV.

2.5.1 Quantitative XPS

It is possible to quantify the composition of a surface with XPS by taking into

account the cross section, the electron mean free path and the analyser transmission

function. These factors are often collected into a sensitivity factor Sxk for an element

x and electron shell k. The intensity of the XPS peak, given as the area under the

peak, from shell k of element x can be written as [25]

Ixk = SxkNxFhν (2.4)

where Nx is the atomic density of element x and Fhν is the number of photons with

energy hν. Assuming that the concentration is homogeneous in depth, the atomic

concentration of each element can then be estimated as [25]

Cx =
Ixk
Sxk
n∑
i=1

Ii
Si

(2.5)

where i refers to one shell in any of the other observed elements. If the compound

is not homogeneous, it is necessary to gain structural information to estimate the

elemental composition.

2.6 Auger Electron Spectroscopy

The auger process is a three step transition: A high energy incident electron creates

a hole in a core level. An electron from an outer level �lls in the core hole and the

transition energy is imparted to another outer level electron which is emitted, see

Figure 2.13.

The kinetic energy of the emitted electrons can be approximated as [25]

Ekin = Einitial
Core state − E

final1
1st outer − E

final2
2nd outer (2.6)

where ECore state, E1st outer and E2nd outer are the energies of and the core state and

the 1st and 2nd outer electronic levels, respectively. The kinetic energy of the emit-

ted electrons re�ects the electronic structure of the atom, and since that is unique

for an atom of a speci�c element, the recorded energy spectrum can be used to
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Figure 2.13: Diagram of the Auger process with electron energy levels indi-
cated: The left diagram shows the excitation process and the right diagram
shows the relaxation process.

identify the elemental composition. The energy analysis of the emitted electrons is

performed by the hemispherical analyser. On this setup, the SEM column gener-

ates the incident electron beam with kinetic energies of 3-10 keV and 1-3 nA probe

current. The high resolution of the SEM column provides the possibility of high res-

olution Scanning Auger Microscopy, producing a spatially resolved 2D image of the

surface chemical composition. The emitted electrons have an energy range from ∼10
eV to ∼2000 eV corresponding to the mean free path minimum, see Fig. 2.12(b).

This makes AES a surface sensitive method.

2.7 Ion Scattering Spectroscopy

In Ion Scattering Spectroscopy (ISS) low energy He+ ions of 1 keV are focused onto

the sample with an ion gun and the He+ ions scatter from the surface in an almost

perfect binary collision interaction, as illustrated in Figure 2.14.

Figure 2.14: Schematic of the ion scattering process. Adapted from [25]

The energy of the scattered He+ ions, E1, is measured by the hemispherical energy

analyser, resulting in an energy spectrum. Knowing the mass of the incoming ion
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Mi, the energy of the incoming ion E0 and the scattering angle θ, the mass of the

surface atom can be calculated by the following equation[1]

E1

E0

=


√
M2

s −M2
i sin

2(θ) +Micos(θ)

Ms +Mi

 (2.7)

In the setup, the scattering angle Θ between the ion gun and the analyser is 146.7◦,

and the ISS experiments were done with the sample in the STM stage tilted 25◦

towards the hemispherical energy analyser.

The method is extremely surface sensitive because of the high scattering cross

section, and particularly because any ions that penetrate the surface will with a very

high probability be neutralized before exiting the surface again. ISS is a destructive

method due to the sputter e�ect of the incident ions, but this e�ect can be minimized

by using a low ion current and light ions like He. By increasing the sputter current,

the sputtering e�ect can also be utilized for depth pro�ling. Intense He+ sputtering

will remove atoms from the outermost layer, and subsequent ISS and XPS spectra

will give compositional information about interior of the sample. This approach has

been used for compositional analysis of the Pt-Y alloy nanoparticles in Chapter 5.

2.8 Temperature Programmed Desorption

Temperature Programmed Desorption (TPD) is a simple but powerful surface sci-

ence technique to probe the binding and desorption of molecules adsorbed onto

surfaces. The sample is exposed to the probe gas, which is dosed into the UHV

chamber, and the molecules adsorb onto the sample. The temperature of the sam-

ple is then ramped linearly in time at a �xed heating rate and the adsorbed molecules

desorb at distinct temperatures. During the temperature ramp, the composition of

the desorbing molecules is monitored by a quadrupole mass spectrometer (QMS) as

a function of temperature.

Before dosing gas, the sample surface must be clean and free of adsorbates,

which is normally ensured by degassing or cleaning procedures. It is also essen-

tial to maintain a good vacuum preferably < 10−10 mbar to avoid adsorption of

unwanted molecules such as CO, H2O and O2. The standard sample preparation

procedure in this thesis include several hours degassing of the sample holder and

substrate at ∼500◦C followed by nanoparticle deposition. The nanoparticles does

not need cleaning as they are produced in vacuum. The QMS is equipped with

an oxygen-free high conductivity copper sni�er tip with a 1 mm diameter aper-
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ture, positioned within 0.5 mm of the sample surface as showed in Figure 2.15.

This arrangement allows the local gas composition above the sample surface to

be measured with negligible contribution from the sample holder or surroundings.

HOPG

QMS sniffer tube

Figure 2.15: Schematic drawing of the snif-
fer placed above the sample for TPD exper-
iments.

Much information is contained in a

TPD spectrum. Firstly, the area un-

der the TPD curve is proportional to

the initial adsorbate coverage, and with

a known reference coverage, the initial

coverage can be found from a TPD spec-

trum. Secondly, the desorption temper-

ature re�ects how strong the adsorbate

is bound to the surface, and as discussed

in Section 1.2, the interaction (bonding)

between the surface and adsorbate is de-

pendent on the nature of the adsorp-

tion site. If the structure dependence

of the adsorption energy is su�ciently

large, the presence of various adsorption

sites will show up in a TPD spectrum

as shifted desorption temperatures. Combined with structural information from

microscopy or LEED, TPD makes a powerful tool to identify and quantify the pres-

ence of various adsorption sites. Furthermore, the desorption energy may depends

on adsorbate coverage due to interactions between the adsorbed molecules, thus,

such interactions can also be probed by TPD experiments.

The dissociation of molecules adsorbed on a model catalyst can be probed by the

use of isotopic labeled gasses. The technique was used in this project investigating

the dissociation of CO on ruthenium. By simultaneous dosing of 13C16O and 12C18O

the ruthenium surface will be covered by these molecules, randomly mixed. Any

detection of the scrambling products 12C16O and 13C18O in a subsequent TPD spec-

trum can only be a consequence of CO dissociation events followed by scrambling,

recombination and desorption. In this way, the part of the ruthenium nanoparticles

active for CO dissociation can be quanti�ed as well as the desorption temperature.
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2.9 Microscopy

Several microscopy methods has been used to image the nanoparticles, including

Scanning Electron Microscopy (SEM), Scanning Tunneling Microscopy (STM) and

Transmission Electron Microscopy (TEM). As the SEM and STM are located inside

the vacuum chamber these techniques can image the samples without air exposure.

The TEM is located at CEN-DTU in the neighbouring building, thus all samples

imaged by TEM have been exposed to air.

2.9.1 Scanning Electron Microscopy

The SEM works by scanning a focused beam of electrons across the sample, and the

scattered electrons are then collected to make up an image of the sample.

The microscope is a Zeiss Supra 55VP SEM. The primary electrons are emitted

from a �eld emission tip (ZrO/W-cathode) and a high voltage (1000 V - 20 kV)

accelerates the electrons towards the sample. The lens system focuses the electron

beam to small spot and the scan coils raster the beam across the sample. The in-

teraction of the primary electrons and the sample creates numerous products such

as secondary electrons and backscattered electrons. The secondary electrons come

from the ionization of surface atoms through inelastic collisions with primary elec-

trons and has a low energy <50 eV. These electrons are detected by the In-Lens

Secondary Electron Detector and gives a good surface sensitivity and topographic

contrast. Backscattered electrons (BSE's), which are not detected, are primary

beam electrons that have undergone multiple elastic collisions in the sample before

exiting the surface. They have a higher energy (>50 eV) and are generated from a

deeper range in the interaction volume and therefore carry depth information. The

SEM micrograph is a 2D map of the intensity of the detected signal being emitted

as the beam scans across the sample, and the best achievable resolution with this

microscope is about 3nm

The SEM has mainly been used for overview imaging to check for homogene-

ity of the nanoparticle coverage as well as agglomeration. To achieve the highest

resolution, all turbo pumps must be turned o� to eliminate vibrations.
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2.9.2 Scanning Tunneling Microscopy

The microscope is an Omicron Multiscan Variable Temperature STM which can

operate in the temperature range from 70K to 1000K. The STM is positioned under

the SEM column and by operating the SEM and STM simultaneously, the SEM can

provide accurate positioning of the STM tip. The simultaneous SEM-STM operation

capability requires a �xed sample-to-SEM column distance, so the STM is fastened

directly onto the chamber with Viton rubber rings providing the only vibrational

damping. This STM is therefore more susceptible to external vibrations compared

to a STM hung in a spring system. The entire UHV system is therefore carried on

air suspension damping legs.

The STM is operated, by applying a voltage bias between the sharp tip and

the sample. The tip is scanned across the sample surface with a sub-nm tip-to-

sample separation without contact. Due to the quantum mechanical tunneling e�ect

(overlap of electronic wavefunctions from tip and surface) electrons tunnel from

occupied states in the tip into the lowest unoccupied states in the sample when the

sample is positively biased with respect to the tip, and from the highest occupied

states in the sample into unoccupied states in the tip when the bias voltage is

reversed[27]. The tip (x,y,z)-movement is controlled by piezo electric elements, that

provide sub-angstrom movement capability. The STM was operated in constant

current mode, where an electronic feed-back loop moves the tip towards or away

from the sample such that the tunnel current is held constant during the lateral

scan. The x, y and z-motion of the tip is then converted into a 3D image of the

scanned surface. The piezo scanner has a lateral resolution of 0.1 Å and height

resolution of 0.01 Å. The voltage bias between the tip and the sample was typically

between ±100 mV and ±1.5 V. The actual tunnel parameters used are stated with

the presented STM images. A quantum mechanical treatment of the problem is

given elsewhere[27].

2.9.3 Imaging nanoparticles

Imaging a �at surface �only� requires an atomically sharp tip, meaning that one

atom of the tip must be closer to the surface than all the others. The radius of

the tip apex is not crucial. When imaging nanoparticles the sharpness of the tip

apex is very important if the particles are to be imaged correctly. If the tip apex is

signi�cantly bigger than the NP to be imaged, the NP will image the tip just as the

tip images the NP (Figure 2.16(a)+(b)). In the intermediate range where the tip
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apex and the NP are comparable in size the STM image will be a convolution of the

tip shape and the NP shape. The tips used here are made of tungsten and a good

tip is estimated to have an apex radius of about 5 nm to 10 nm. Thus in practice

it is a very di�cult task to image the correct shape of NP's with high aspect ratio.

Particularly the side facets are hard to resolve. The top facet should be possible

to resolve, because when the tip is on the top facet it resembles a �at surface and

the tip radius becomes less important. This means that it is possible to resolve the

height of the particle while the lateral shape is poorly resolved and the diameter is

often overestimated[28], as illustrated in Figure 2.16(c).

(a) (b) (c)

Figure 2.16: Imaging nanoparticles by STM: (a) Small tip and big nanopar-
ticle, (b) Big tip and small nanoparticle, (c) Bottom: Illustration of a tip
scanning across a nanoparticle., Top: The resulting line pro�le of the tip
z-movement. It is seen that the height is recorded correctly whereas the
diameter is overestimated. (c) is reprinted from[28].

2.9.4 Transmission Electron Microscopy

TEM works by transmitting a beam of high energy electrons through a thin sample

and utilizes the wave nature of electrons. The transmitted electrons are collected

by a �uorescent screen or a CCD camera.

The formation of contrast in TEM images depends on the image mode used.

Working in bright �eld mode the contrast is formed simply by absorption of elec-

trons, also called Mass-Thickness contrast. This means that the contrast changes

with thickness (thick=dark) and atomic number (high atomic number=dark), and

the image will be a two dimensional projection of the sample. When imaging in

bright �eld mode the objective aperture is inserted, blocking any of the di�racted

electrons. Working in High Resolution (HR) mode, a contribution to the image

contrast comes from phase contrast. The objective aperture is set (or removed) to

allow both the direct transmitted beam and the Bragg di�racted beams. The phase

contrast relies on di�erences in phase between electrons that have been scattered
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by crystal planes and corresponds to the interference pattern of the beams. HR

mode thus only works on crystalline areas on the sample. Working in HR mode sets

high demands to the absence of aberrations in the lens system and coherence of the

incident electron beam. The images are not easily interpreted because the image

contrast can come from multiple di�racting crystal planes.

The microscope used in this project is the FEI Technai T20 at the DTU Center

for Electron Nanoscopy (DTU-CEN). The microscope has a point resolution of 2.4

Å, and line resolution of 1.5 Å.
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Chapter 3

CO dissociation on Ruthenium

nanoparticles

This chapter addresses the structure sensitivity and particle size dependence of the

dissociation of CO on ruthenium nanoparticles. The model catalyst consists of

mass selected Ru nanoparticles supported on Highly Oriented Pyrolytic Graphite.

Additionally, we have investigated the materials gap between a single crystal and

nanoparticulate system.

3.1 Introduction

The dissociation of CO on transition metal catalysts is a key reaction step in re-

actions involving syn-gas (CO and H2), such as Fischer-Tropsch synthesis and the

methanation reaction, where it is believed to be the rate limiting step[29, 30]. Ruthe-

nium has also been found to be a very active catalyst for steam reforming, where

methane and steam is converted to CO and H2 [31]. Ruthenium has also been found

to be active for ammonia decomposition[32] and proposed as catalyst for ammonia

synthesis[33�35], where the dissociation of N2 is the rate limiting step.

As mentioned in Chapter 1, industrial catalysts are predominantly nano-sized

metal particles supported on high surface area oxide supports. The catalytic activity

has in many cases been observed to be highly dependent on the particle size[36�41],

but the origin of these observations are not very well understood. Investigations of

particle size e�ects along with any support interaction e�ects can not be conducted

using single crystal model systems, but model systems consisting of mass selected

nanoparticles supported on planar supports are well suited. Aside from more closely

mimicking the industrial catalyst such systems carry the advantage of compatibility
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Chapter 3. CO dissociation on Ruthenium nanoparticles

with existing surface science techniques as opposed to high surface area powder

catalysts. For the purpose of studying the particles size e�ect, it is furthermore

essential to achieve samples with mono-dispersed particles. The combination of a

gas-aggregation particle source and a mass �lter is well suited for the production

of nanoparticles with a narrow size distribution. Several examples exist where this

type of nanoparticulate model system has successfully been used to study a size

dependence of catalytic reactions. A study of low temperature CO oxidation on

gold nanoparticles supported on TiO2, revealed a strong size dependence with a

sharp increase in turnover frequency when the particle diameter was decreased below

∼5 nm[42, 43], with a maximum at 2-3 nm[44]. The opposite e�ect was seen for

CO oxidation over supported Ru nanoparticles where the activity was observed

to increase with increasing particle size from 2 to 6 nm[45]. A similar e�ect was

observed for Fischer-Tropsch synthesis over supported Co nanoparticles where the

activity was shown to drop when the particle size was decreased below 6-8 nm[46].

The ability to gain structural information about the nanoparticles is naturally

essential when correlating morphology to catalytic properties. The adsorption of CO

on Ru single crystal surfaces has been studied extensively, and it is known that CO

bound to di�erent adsorption sites, such as facets and steps, can be distinguished as

di�erent desorption features in a TPD spectrum[47�70]. As the structural depen-

dence of the desorption features from Ru single crystal surfaces are very well under-

stood it can be used as the basis when interpreting the TPD spectra obtained from

supported nanoparticles. Structural information from the nanoparticles can hereby

be derived from recorded TPD spectra. Obtaining detailed structural information

at the atomic scale by microscopy, such as STM and TEM, is a very challenging

task even from a single nanoparticle[71]. For such structural information from TEM

and STM to be representative of the whole ensemble of nanoparticles, the investi-

gation of large number of particles is needed, which is even more cumbersome. For

the purpose of gaining average structural information of the entire sample, TPD

experiments serves as a relatively accessible method.

The dissociation of CO has also previously been studied on Ru single crystal

surfaces by thermal desorption studies, e.g. using isotopically labled CO. Studies on

close packed Ru single crystals have shown that the Ru(001) terrace sites are inactive

for CO dissociation whereas step sites are active[47, 52, 54, 55]. Other studies have

shown that more open Ru single crystal facets are active for CO dissociation[70, 72].

The CO dissociation reaction step is therefore concluded to be highly structure

sensitive on ruthenium. The activity of supported Ru nanoparticles to dissociate

CO is, due to the structure sensitivity of the reaction, believed to be correlated to

the particle morphology and in particular to the abundance of under-coordinated
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sites and open surfaces.

In this chapter the CO dissociation properties of mass selected Ru nanoparticles

supported on HOPG will be investigated and correlated to the size and structure of

the particles. The CO dissociation activity has been probed by TPD experiments

using isotopically labled CO and structural information has been obtained by TEM

and TPD spectrum analysis. In an e�ort to investigate the materials gap between

single crystals and supported nanoparticles, the CO desorption properties of the

HOPG supported Ru nanoparticles will be compared to that of a Ru single crystal

by a method that allowed us to follow the gradual change from single crystal like

behaviour to nanoparticle like behaviour and vice versa.

3.2 Nanoparticle deposition

The HOPG substrate was a 7 mm×7 mm × 1 mm HOPG (SPI-1) mounted in the

sample holder described in Section 2.2. The HOPG substrate was freshly cleaved

using adhesive tape before it was loaded into the preparation chamber. The entire

sample holder was degassed for at least 5 hours at ∼500 ◦C in UHV before depositing

nanoparticles. To examine the e�ect of graphitization, selected HOPG samples were

sputtered with 500 eV Ar+ ions for 15 min with a sputter current density of ∼1
µA/cm2 and subsequently heated to ∼527 ◦C for 15 min to desorb implanted Ar

atoms. Mass selected, negatively charged, Ru nanoparticles from 3 nm to 15 nm

in diameter were then deposited using cluster source I (see Section 2.4.2) with the

quadrupole mass �lter set to a diameter resolution of (∆d/d) ±6 %, until 10-40%

of the substrate was covered with particles. The substrate was biased +36 V to

attract the particles while ensuring the particles are soft landed with kinetic energy

<0.1 eV per atom, to avoid particle deformation at impact. After deposition these

samples were investigated by TPD experiments using isotopically labled CO which

is described later.

Duplicate samples were also prepared for TEM imaging, for characterising the

particle morphology and measuring the actual size distribution for each selected size.

When preparing the TEM grids, the particles were deposited directly onto standard

lacey or holey carbon on copper mesh TEM grids. These results are presented in

the following section.
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3.3 Particle size distribution and morphology

The particle morphology and the particle size distribution were investigated for six

selected particle sizes within a range of 3-15 nm in diameter by TEM. A typical TEM

image used for measuring the particle size distribution is shown in Figure 3.1(a)

and the measured size distributions for all the selected sizes are presented in Figure

3.1(b). The size distribution histograms were �tted with a Gaussian function to �nd

the mean diameter and the standard deviation, σ. The obtained diameter resolution

(d/∆d) lies within 10-20% if ∆d is de�ned as 1σ. The size distributions were found

by TEM image analysis which compute the projected area of the individual particles.

The diameter distribution is then found from the measured projected areas by the

spherical approximation where, projected area = π(d/2)2. The particles are not

perfect spheres but predominantly the aspect ratio is close to one which makes a

diameter a good description of the particle size. The size distributions are broader

than the mass �lter setting should allow. This is suggested to be due to imperfections

in the mass �lter and due to the variety of particles shapes which in the image

analysis would result in a broadening of the measured size distributions.

Figure 3.1: (a) TEM image of 11.0 nm Ru nanoparticles on carbon of low
resolution, typically used for size distribution analysis. (b) Size distributions
based on TEM images of samples with mass selected Ru nanoparticles. The
TEM grid samples for each size were prepared similar to the HOPG samples
used for the TPD experiments. Adapted from [73].

Detailed structural information was obtained by high resolution TEM, and se-

lected images from samples with 2.8 nm, 6.3 nm and 15.1 nm particles are presented

in Figure 3.2. The atomic structure show hexagonal symmetry and the lattice

fringes periodicity was found to match the (100) interplanar distance. These �nd-

ings suggest that the crystal structure of the particles is equivalent with Ru bulk hcp
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structure. Further details of the structural study can be found in ref [20]. It was not

possible to extract quantitative information on the atomic structure at the surface

of the particles but the overall shape of the particles could be determined from the

high resolution TEM images. The shape of the small particles appear predominantly

to be close to the truncated hexagonal bypyramid equilibrium structure (see Chap-

ter 1) whereas the proportion of particles that diverge from the equilibrium Wul�

structure becomes larger as the particle size is increased. A large proportion of the

non-equilibrium particles appear to be constructed as an agglomeration of smaller

particles. In general, the large particles are non-equilibrium shaped, less faceted

and show a higher degree of surface roughness than the small particles, which are

closer to equilibrium and the large particles are therefore likely to contain a higher

proportion of under-coordinated surface atoms than the small particles.

Figure 3.2: TEM images and High resolution TEM images of Ru nanopar-
ticles from samples with a mean particles diameter of 2.8 nm, 6.3 nm and
15.1 nm. Adapted from [73].
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3.4 CO scrambling

The CO desorption behaviour and the active sites for CO dissociation were probed

by TPD experiments using isotopically labled CO. The TPD experiments were per-

formed in the preparation chamber (see Section 2.1.2 and Section 2.8) immediately

after nanoparticle deposition. Isotopically labled 13C16O (CIL, 99% 13C, <10% 18O)

and 12C18O (CIL, <2% 16O) were dosed simultaneously in a 1:1 ratio at 2×10−8 mbar

for 10 min, corresponding to 9 Langmuir, su�cient to obtain a saturated CO cov-

erage. During dosing, the sample was held at room temperature and the ratio of
13C16O and 12C18O was monitored with the mass spectrometer. When performing

the TPD experiment, the temperature was ramped linearly at 1 K/s while moni-

toring the desorption products at mass 28, 29, 30 and 31 amu. The sample was

placed within a distance of 0.5 mm to the QMS sni�er tip which ensures a local

measurement of the gas composition with negligible contribution from the sample

holder.

It is assumed that the dose gases, 13C16O and 12C18O, adsorb randomly onto the

surface of the nanoparticles. If the adsorbed 13C16O and 12C18Omolecules dissociate,

the dissociated 12C, 13C, 16O and 18O species will recombine and desorb during a

TPD experiment. The dissociated species may be mobile on the surface and scramble

and subsequently recombine into the four possible combinations, 12C16O, 13C16O,
12C18O and 13C18O. Any formation of 12C16O and 13C18O is therefore a consequence

of CO dissociation events, and the detection of scrambled CO molecules will be a

measure of the concentration of active sites.

Figure 3.3: CO TPD spectrum obtained after dosing 9L of a 1:1 mixture
of 13C16O and 12C18O onto 11.0 nm Ru particles on un-sputtered HOPG.
Heating rate was 1 K s−1. (a) Raw data measured by the QMS showing
mass 28 amu (black), 29 amu (red), 30 amu (green) and 31 amu (blue).
Note the high background of 12C16O. (b) Corrected TPD spectrum obtained
from the raw QMS data as described in the text for a better representation
of the desorption. Adapted from [73].
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The raw mass spectrometer data acquired during a TPD from 11.0 nm Ru

nanoparticles supported on un-sputtered HOPG is shown in Figure 3.3a. The high

intensity signals (red and blue curves) are recorded at mass 29 amu and 30 amu orig-

inating from the dosed 13C16O and 12C18O, respectively. The black and blue curves

are recorded at mass 28 amu and 31 amu which originate from scrambling into
12C16O and 13C18O, respectively. The relatively high background of 12C16O is due

to an unavoidable presence of CO in UHV chambers and in the mass spectrometer

due to hot �laments and hence not desorption from the sample. TPD spectra that

represent the samples quantitatively has been achieved by a background subtrac-

tion of each mass and by subtracting contributions from trace 12C16O and 13C18O

impurities in the dosed gases. The corrected spectrum is shown in Figure 3.3b.

Figure 3.4: TPD spectra from samples with various size Ru particles on
HOPG showing the CO desorption separated into the components originating
from molecular adsorbed CO and CO that has been dissociated. Adapted
from [73].

It is possible to construct TPD spectra where the desorption products are sepa-

rated into signals originating from non-dissociated CO and from CO that has been

dissociated (scrambling products). The resulting spectra are shown in Figure 3.4.

Assuming equal probability for scrambling into each of the four possible products,

the intensity of the 13C18O signal represents the scrambling into each of the four
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possible isotopologues. The 13C18O signal hereby also constitute 1/4 of the total

amount of scrambling products. The TPD spectrum of the total amount of scram-

bling products is therefore equal to four times the intensity of the 13C18O signal

(green curve). The TPD spectrum originating from molecularly adsorbed CO can

be found by adding the intensity from 13C16O and 12C18O and hereafter subtracting

two times the 13C18O signal to account for the self-scrambling of 13C16O and 12C18O

into 13C16O and 12C18O (orange curve). Figure 3.4 shows the desorption spectra sep-

arated into the molecular and dissociated components from samples with 2.8 nm,

5.9 nm, 11.0 nm and 15.2 nm nanoparticles on sputtered and un-sputtered HOPG.

From Figure 3.4 it is seen that molecular adsorbed CO has a desorption peak at

∼410 K and the associative desorption from dissociated CO results in a broad fea-

ture at 400-600 K with two main peaks at ∼440 K and ∼475 K. The di�erences in

desorption temperature indicate that the adsorption sites active for CO dissociation

bind CO stronger than the inactive sites, as expected.

The shape of the TPD spectra is qualitatively the same across particle size,

whereas the amount of dissociated CO relative to the total amount of adsorbed

CO varies greatly as a function of particle size. The relative amount of dissociated

CO has been calculated as the integrated desorption signal from dissociated CO

normalised by the total CO desorption, for each particle size and the results are

presented in Figure 3.5. The results show that the activity for CO dissociation

increases with size indicating an increasing abundance of active sites with particle

size. The sample with 11.0 nm particles showed the highest activity where ∼25 %

of the adsorbed CO was dissociated.
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Figure 3.5: The amount of scrambled CO, i.e. CO that has been dissoci-
ated, relative to the total amount of CO as a function of particle size. The
dashed line is drawn to guide the eye. Adapted from [73].
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3.5 Linking nanoparticles to single crystal

The interaction of CO with Ru single crystal surfaces has been studied in great

detail. The studies carry the advantage of using very simpli�ed and well de�ned

model systems. The study presented in this chapter builds upon the understanding

provided by these single crystal studies. Providing a direct link between a nanopar-

ticulate and a single crystal model system is therefore valuable when comparing

results between these two systems.

In this section, results will be presented that demonstrate that CO desorption from

Ru surfaces can be switched from that typical of single crystal surfaces to one more

characteristic of supported nanoparticles and vice versa.

3.5.1 Nanoparticluate sample

A 50 Å Ru thin-�lm was thermally evaporated by electron-beam bombardment of

a Ru rod (99.99% purity, Goodfellow) onto a freshly cleaved and degassed HOPG

substrate. A STM image of such a freshly prepared sample is shown in Figure 3.6(a).

The surface consist of 6 nm ± 2 nm particles in a coherent �lm fully covering the

substrate.

Figure 3.6: (a) STM image of a freshly prepared 50 Å Ru �lm on HOPG. (b)
Corresponding CO TPD spectrum showing the total desorption of CO as well
as the components originating from molecularly adsorbed and dissociatively
adsorbed CO. Adapted from [74].

The corresponding CO TPD is shown in Figure 3.6(b) with the molecularly- and

dissociatively adsorbed CO (blue and magenta curves) components separated along

with the total CO desorption signal (black curve). The molecularly adsorbed CO

show a desorption peak at ∼410 K and the dissociatively adsorbed CO peaks at
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∼450 K with a shoulder extending to ∼650 K, very similar to the CO TPD from

the mass selected particles. The relative amount of CO scrambling is ∼33 % which

is higher than the most active particles made by gas aggregation.

The �lm was subsequently annealed to 900 K for 10 min and the morphology of

the �lm was imaged by STM and shown in Figure 3.7(a). After annealing, the

�lm exposes �at terraces separated by monoatomic steps. The �lm is most likely

polycrystalline with terraces being Ru(001) facets, as it has the lowest surface free

energy. The corresponding CO TPD spectra is shown in Figure 3.7(b), and displays

two desorption features at ∼390 K and ∼450 K. An additional, smaller peak can be

seen at ∼530 K. This spectrum is in good agreement with a typical desorption spec-

trum obtained from the Ru(001) facet[51, 55, 63�65]. The two �rst high-intensity

peaks can be attributed to desorption of molecularly adsorbed CO from the terraces

(α peaks), while the smaller peak can be attributed to desorption of dissociatively

adsorbed CO from step sites (β peak)[55].

Figure 3.7: (a) STM image of a 50 Å Ru �lm on HOPG annealed to 900 K
in vacuum for 10 min. (b) Corresponding CO TPD spectrum showing the
total desorption of CO as well as the components originating from molecularly
adsorbed and dissociatively adsorbed CO. Adapted from [74].

3.5.2 Ru(0 1 54) Single crystal

The single crystal studies presented in this section were performed on two Ru(0 1 54)

single crystals (Matek GmbH) involving two other separate UHV setups. One crystal

was mounted in a UHV setup with STM, TPD, ISS and XPS capabilities, primarily

responsible for the STM results. The other crystal was mounted in a UHV setup

with TPD, AES and ISS capabilities, primarily responsible for the TPD results. The

Ru(0 1 54) surface exposes 27 atom wide (001) terraces on average, separated by

46



3.5. Linking nanoparticles to single crystal

Figure 3.8: (a) STM image of a cleaned and non-sputtered Ru(0 1 54)
surface. (b) STM image of a cleaned and subsequently sputtered with 1
keV Ar+ ions for 5 min with a current density of 18 µA cm2. c) Sequence
of CO TPD spectra obtained after increasing time of Ar+ ion sputtering.
The STM experiments on the single crystal were performed by Yann Tison
and Kenneth Nielsen and the TPD experiments on the single crystal were
performed by Søren Vendelbo and Christian Conradsen. Adapted from [74].

monoatomic steps. Due to the hexagonal crystal structure, the steps separating the

close packed (001) terraces are alternating between two step con�gurations. One

with three-fold symmetry containing the so-called B5 sites and one with four-fold

symmetry containing the so-called A5 sites[65, 75, 76]. Both samples were cleaned

before experiments by cycles of sputtering with 1 keV Ar+ ions at 800 K for 30 min

followed by oxidation in 10−7 mbar O2 at 1100 K for 10 min, reduction in 10−6 mbar

H2 at 500 K for 30 min and �nally annealing at 1200 K for 1 min. The cleanliness

of the samples was checked by AES or XPS after the cleaning procedure.

The TPD experiments were performed at a linear temperature ramp of 2 K s−1

after dosing CO at 10−7 Torr for 7 min, obtaining a saturation coverage of CO. A se-

quence of CO TPD spectra were obtained after increasing sputtering time with 1 keV

Ar+ ions at a current density of 18 µA cm2, and the results are presented in Figure
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3.8(c).The STM images shown in Figure 3.8(a) and (b) were recorded from the non-

sputtered Ru(0 1 54) surface as well as after 5 min Ar+ ion sputtering, corresponding

to the surfaces responsible for the top and bottom TPD in Figure 3.8(c), respec-

tively. The non-sputtered surface displays atomically �at terraces with an average

with of 6.5 nm (corresponding to 27 atoms) separated by straight monoatomic steps.

In comparison, the sputtered surface display terraces with small island patches and

a high degree of surface roughness produced by the sputtering process. The TPD

spectra from the non-sputtered surface displays a double peak feature at 390 K and

460 K (α1- and α2 peaks) followed by a small high temperature shoulder at ∼535 K
(β peak), characteristic for a stepped Ru(001) surface. With increasing sputtering,

the double peak feature is gradually diminished and replaced by a spectrum in close

resemblance to a CO TPD from nanoparticles with a main peak at 420 K, a low

temperature shoulder at 390 K and an increased high temperature feature (β peak)

extending from approximately 480 K to 650 K.

3.6 Discussion

The desorption of CO from various Ru single crystal surfaces has previously been

studied extensively, including Ru(001)[48], Ru(109)[55], Ru (0 1 54)[65] which essen-

tially are Ru(001) surfaces with varying step density along with more open surfaces

such as Ru(1120)[70] and Ru(1121)[77]. Each surface results in di�erent desorp-

tion spectra. In a simple model based on the Wul� construction, supported Ru

nanoparticles are comprised primarily of (001), (101) and (100) facets along with

edge and corner atoms. CO desorption spectra from such idealised particles should

thus for large particles primarily contain contributions from these facets, whereas

contributions from the under-coordinated edge and corner atoms become increas-

ingly dominant for smaller particles. The mass selected Ru particles produced in

the project, imaged by TEM in Figure 3.2, are seen to deviate from the equilibrium

shape predicted by the Wul� construction, so the resulting CO desorption is pre-

sumably more complex than a superposition of desorption from low surface energy

facets.

The transformation of the well-ordered Ru(0 1 54) surface into a highly defected

surface induced by Ar+ sputtering, is clearly seen from the STM images in Figure

3.8(a) and (b), resulted in a gradual change in the CO desorption behaviour from

that of stepped Ru(001) surface to that of the mass selected nanoparticles (see Figure

3.8(c)). The reverse transformation from nanoparticulate �lm to presumably poly-

crystalline �lm exposing Ru(001) facets, induced by annealing, resulted in a similar
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but reverse transformation. These two results combined gives strong con�dence for

the TPD spectra obtained from the mass selected nanoparticles not to be in�uenced

by contaminants such as O2, but directly correlated to the surface structure. The

characteristic double peak (α1 and α2) feature seen in the TPD spectra from the

non-sputtered Ru(0 1 54) and the annealed 50 Å �lm, arise due the formation of

an ordered
√

3x
√

3R30◦ CO overlayer at 1/3 monolayer coverage[59, 61]. This dou-

ble feature has been observed to disappear when the (001) terrace width becomes

su�ciently small and is also absent from the nanoparticles. The double peak has

been observed to be fully present from Ru(0 1 54) with 27-atom wide terraces [65]

and transformed into one main peak with a low temperature shoulder from Ru(109)

with ∼10-atom wide terraces [55]. Two explanations have been suggested to account

for this observation. 1) Narrow or disordered terraces can not sustain the ordered

CO overlayer due to the lack of long range order. 2) Compressed lattice strain (ob-

served by STM) localised at the upper (001) terrace extending 1-2 nm from a step

edge[62], which can alter the CO desorption behaviour from these areas. Both of

these phenomena may a�ect the CO desorption from nanoparticles but it has not

been possible to verify.

The CO scrambling experiment TPD spectra from the mass selected nanoparti-

cles presented in Figure 3.4 show that molecular adsorbed CO has a desorption peak

at ∼410 K and the associative desorption from dissociated CO results in a broad

feature at 400-600 K with two main peaks at ∼440 K and ∼475 K. The molecularly
adsorbed CO desorbs at a lower temperature (peak at ∼410 K) than dissociated CO
(from 400 K to 600 K), which shows that the sites active for CO dissociation bind

CO more strongly than the inactive sites, as expected. It is known from the work by

Zubkov et al. that step sites on Ru(109) are active for CO dissociation whereas the

(001) facets are inactive[54, 55], which was con�rmed by Vendelbo et al by studying

a Ru(0 1 54) single crystal[65]. In the aforementioned study by Zubkov et al., it was

found that by a combination of infrared spectroscopy and TPD experiments that

CO dissociates at 450-500 K followed by recombination and desorption at 500-550

K. A STM study of a Ru(0 1 54) single crystal supported by DFT calculations de-

termined that only the B5-site with 4-fold symmetry is active for CO dissociation.

A study by Wang et al. indicates from high resolution electron energy loss spec-

troscopy (HREELS) that CO dissociates on the open Ru(1120) surface already from

300 K followed by recombination and desorption starting at 450 K with peaks at

500 K and 540 K[70]. It was furthermore concluded that both terrace and defect

sites were active. The low onset temperature at ∼400 K, from dissociated CO in

the present study, suggests that active sites similar to the open Ru(1120) surface are

present and the broad desorption feature suggests that there exist several sites that
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are active for CO dissociation. This is in good agreement with the high proportion of

non-equilibrium shaped nanoparticles observed by TEM, where the surface exhibits

a high degree of roughness, hereby exposing a large variety of under-coordinated

surface atoms.

The relative amount of CO scrambling as a function of particle size presented in

Figure 3.5 shows that larger particles contain relatively more active sites for CO dis-

sociation than smaller particles. For equilibrium shaped nanoparticles the optimal

particle size is by DFT calculations shown to be ∼3 nm for N2 dissociation as this

size exposes the highest concentration of active sites[78]. A combination of TPD

experiments, STM and DFT calculations has shown that both CO and N2 prefer-

entially dissociate on the B5 step-site on Ru(001)[7, 65, 76] and DFT calculations

suggest geometrically very similar active sites for CO and N2 dissociation on the

corrugated Ru(1121), as well. As the active sites for CO and N2 dissociation on Ru

are very similar, it is expected that the optimal particle size for CO dissociation

is the same as for N2. The optimal particle size found in this study deviate from

the theoretically predicted as the particle structure deviate from equilibrium. The

observed size dependence is believed to be correlated to structural di�erences when

increasing the particle size, due to the formation process inside the aggregation zone

of the cluster source, where the particle growth mechanism can be dominated by ei-

ther ad-atom growth or growth by cluster-cluster agglomeration. The hypothesis is

that small particles are predominately formed by ad-atom growth leading to a parti-

cle shape close to equilibrium, whereas the large particles are predominately formed

by gas phase cluster-cluster coagulation leading to highly non-equilibrium shaped

nanoparticles, with a high degree of surface roughness. Such a growth mechanism

has previously been observed for PtFe particles[79] and for Pt particles where par-

ticles larger than 2.5 nm resulted in rami�ed structures, which showed evidence for

cluster-cluster coagulation in the growth kinetics[80]. The conditions in the aggre-

gation chamber (gas pressure, sputter power, residence time) will a�ect the growth

mechanism so it is likely that there exist a set of conditions that will produce large

particles dominated by ad-atom growth and thus result in particles with structures

close to equilibrium.

3.7 Conclusion

Mass selected Ru nanoparticles from 3-15 nm in diameter were deposited on HOPG

and the active sites for CO dissociation were probed by TPD experiments using

isotopically labled CO as a function of particle size. From the TPD experiments it
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was shown that molecularly adsorbed CO desorbs in a broad peak with a maximum

at 410 K and dissociatively adsorbed CO, recombines, and desorbs from 400 K to

600 K with two main peaks at ∼440 K and ∼475 K, suggesting that the particles ex-
pose several types of active sites. The relative number of active sites was quanti�ed

for each particle size and shown to increase for increasing particle size. The max-

imum amount of CO scrambling was measured from ∼11 nm particles to be ∼25
%. The observed size dependence is suggested to be correlated to the increasing

surface roughness for larger particles. We have provided a link in the CO desorption

behaviour from Ru single crystal model catalysts to nanoparticulate model catalyst,

in order to narrow the materials gap. A nanoparticulate Ru �lm grown on HOPG

by physical vapour deposition, showed a CO desorption behaviour like the mass se-

lected nanoparticles. By thermal annealing the �lm structure changed and the CO

desorption behaviour transformed to that comparable with a single crystal surface.

The reverse transformation in CO desorption behaviour was demonstrated by Ar+

sputtering a stepped Ru(001) single crystal for an increasing amount of time, hereby

gradually changing the surface into a highly defected structure.
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Chapter 4

High pressure CO induced surface

reconstruction on Platinum

nanoparticles

This chapter addresses the topic of adsorbate induced surface reconstructions. We

have probed CO induced structural changes of mass selected platinum nanoparticles

supported on SiO2/Si by TPD experiments and compared the results to a parallel

set of experiments on a Pt(111) single crystal.

4.1 Introduction

A catalyst is working in the presence of the reactant gas and molecules are adsorbed

on the surface. The ability for a catalytically active surface to reconstruct induced

by the presences of adsorbed species will play a crucial role for the catalytic prop-

erties under working conditions because the activity is often strongly dependent on

the atomic arrangement of the atoms that constitute the active sites. Other sur-

face dynamics phenomena such as particle sintering, changes in oxidation state and

changes in elemental composition in alloy nanoparticles, can also be driven by adsor-

bate induced interactions and are relevant for the catalytic properties. Experiments

that contribute to the understanding of adsorbate induced surface reconstructions

are therefore necessary to understand the origin of the catalytic properties of a cat-

alyst under reaction conditions, which may lead to the design of new and better

catalysts.

There is profound interest in platinum as a catalyst on the electrodes in polymer

electrolyte membrane fuel-cells (PEMFCs) due to its high activity for the electro-
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chemical oxygen reduction reaction, and for methanol oxidation which is relevant

for direct methanol fuel cells (DMFCs). The noble properties of Pt are especially

important to avoid corrosion under the acidic conditions and electrochemical poten-

tials. Pt is also used as an oxidation catalyst in catalytic converters for cleaning

soot and hydrocarbon species in engine exhaust gas. It is therefore highly relevant

to gain knowledge about structural modi�cations of platinum nanoparticles when

exposed to various gaseous environments.

Structural modi�cations of nanoparticle model catalysts due to adsorbate-surface

interactions and variations in temperature can presently be studied near reaction

conditions by several techniques such as environmental transmission electron mi-

croscopy (E-TEM), high pressure x-ray photoelectron spectroscopy (HP-XPS) and

other x-ray techniques such as Extended X-ray absorption �ne structure (EXAFS).

Dynamic and reversible shape changes of supported copper nanoparticles in re-

sponse to changes in the gaseous environment were observed by Hansen et al. using

ETEM[11]. A similar study by Yoshida et al. showed that the morphology of Pt

nanoparticles on CeO2 changed from faceted in vacuum, to rounded in 1 mbar CO

at room temperature.

Figure 4.1: (a) CO TPD from Pt(111) at various CO coverages. The
heating rate was 15.5 K/s and CO was dosed at 100 K. Adapted from [81].
(b) CO TPD from Pt(112) at various CO coverages. The heating rate was
2 K/s and CO was dosed at 220 K. Adapted from [82]. (c) CO TPD from
Pt(321) at various CO coverages. The heating rate was 10 K/s and CO was
dosed at 100 K. Adapted from [83].

In contrast to the techniques mentioned above, which are expensive (the x-ray

techniques require synchrotron radiation facilities) and often di�cult to access, a

comparatively simple way of probing the surface structure is by the use of gas ad-

sorption followed by temperature programmed desorption. It is well known that the

desorption pro�le from single crystal surfaces re�ects the surface structure due to

the dependence of the adsorption energy on the coordination number of the surface
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atoms that constitute the adsorption site[82, 84, 85]. Chemisorbed adsorbates are

bound more strongly at under-coordinated (step) sites than at terrace sites and the

desorption temperature from step sites is therefore higher than from terrace sites.

For CO on Pt it has been shown by DFT-calculations that the CO binding energy

is highly dependent on coordination number and that the binding energy scales

inversely with coordination number (higher binding energy for lower coordination

number)[86]. Three examples from literature of temperature programmed desorp-

tion (TPD) spectra from CO adsorbed on various platinum single crystal termina-

tions are shown in Figure 4.1, and a comparison of the spectra nicely illustrates that

the di�erences in desorption characteristics re�ect the di�erence in surface structure.

Figure 4.1(a) is from a Pt(111)[81], Figure 4.1(b) is from a Pt(112)[82] which con-

sists of 3 atom wide (111) terraces separated by monoatomic (100) steps and Figure

4.1(c) is from a Pt(321) which consists of 3 atom wide (111) terraces separated by

kinked monoatomic (311) steps. It is clearly seen that desorption from the (111)

terraces and the steps present on the Pt(112) can be distinguished and give rise to a

low- and high-temperature peak, respectively. It can also be seen that CO adsorbed

at the kinked step sites on Pt(321) desorb at slightly higher temperatures than the

CO adsorbed at the step sites on Pt(112), in good agreement with the coordination

dependent adsorption energy mentioned above.

Figure 4.2: Two STM images (1650 Å× 3300 Å) of a Pt(111) single crystal
after sputtering at two di�erent temperatures: (a) 625 K and (c) 735 K.
Adapted from [87].

The well-de�ned single crystal surfaces are often achieved by sputter and anneal-

ing cycles. Sputtering removes the top layer atoms and thereby cleans the surface

from impurities. The defected surface created by the sputtering is then healed again

by annealing the crystal to very high temperatures. The e�ect of sputtering at var-

ious temperatures has been studied by Michely et al. where at Pt(111) surface was

sputtered at various temperatures and subsequently imaged by STM[87]. The sur-
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face morphologies that were obtained after sputtering at 625 K and 735 K are shown

in Figure 4.2. The STM images show that sputtering gives rise to pit formation and

by varying the sputter temperature the pits size and corresponding step density can

be controlled.

The main purpose of this chapter is to investigate CO induced structural changes

on mass selected Pt nanoparticles supported on SiO2/Si, and provide important in-

formation about the concentration of di�erent types of surface sites (facet, steps,

corners etc.) at various pressures of CO. Such information is relevant for modelling

structure sensitive reactions involving CO, e.g. synthesis gas, under reaction condi-

tions. The work is also inspired by STM investigations which have shown surface

reconstructions of Pt crystal surfaces induced by various pressures of CO from high

vacuum to near atmospheric pressure[14, 88�91]. For the purpose of establishing CO

TPD experiments as a technique to quantify the concentration of di�erent types of

surface sites, low pressure CO TPD spectra acquired from nanoparticulate samples

and a Pt(111) single crystal (annealed or sputtered) are compared, and we establish

a link between under-coordinated sites of the two systems. The samples are then

exposed to mbar pressures of CO at elevated temperatures and modi�cations in the

desorption spectra are observed, and the changes induced by CO are interpreted as

a promotion of annealing out the single crystal versus a roughening of the nanoparti-

cle surface. We furthermore observed a size dependence of nanoparticle roughening

suggested to be determined by the size of the low index facets.

4.2 Sample preparation

The samples were prepared by depositing mass selected Pt nanoparticles produced

by Cluster Source I onto SiO2/Si substrates with an incorporate platinum resistance-

temperature device (RTD) on the backside (see Section 2.2.1 for details). The sub-

strates were cleaned prior to particle deposition by heating the entire sample holder

to ∼600◦C for > 12 hours using the PBN-heater incorporated in the manipulator

head. The wafer alone was then heated, by passing a current directly through the

wafer, to 500◦C for 30 min in 10−6 mbar O2 to oxidise any hydrocarbon contami-

nants present on the SiO2 surface. The cleanliness of the substrate was con�rmed

by ISS with 980 eV He+ ions after the cleaning procedure and after nanoparticle

deposition.
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4.3 Particle morphology

The particle morphology and size distribution were investigated by TEM for par-

ticles with a mean diameter of 3 nm, 6 nm and 11 nm. Particles were deposited

directly onto TEM-grids with carbon or SiO2 �lms and imaged as deposited with-

out further treatment. The cluster source conditions used to produce the TEM-grids

and the samples for TPD experiments were identical. The results presented in Fig-

ure 4.3 show both size distribution histograms along with TEM images of particles

representative of the samples.

The size distributions in Figure 4.3(a), (b) and (c) were determined by analysing

TEM images �nding the projected area of a number of individual particles. The

particle diameter distributions were then found assuming spherical morphologies.

The (d) 3 nm and (e) 6 nm particles showed near-spherical cross sections whereas

the (f) 11 nm particle projections showed more faceted particles with well-de�ned

edges that are consistent with octahedron and cuboctahedron morphologies. High

resolution images with visible lattice fringes, were always found to match the lattice

periodicity consistent with the bulk Pt fcc structure. In general, the particle mor-

phologies are not perfect Wul� constructions but all the imaged particles appeared

to be monolithic and crystalline.

Figure 4.3: Size distribution histograms (a)-(c) and corresponding TEM-
images (d)-(f) from samples with 3 nm, 6 nm and 11 nm mass selected Pt
nanoparticles. The di�erent particle sizes were prepared with di�erent cluster
source conditions. Adapted from [92].
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4.4 Low pressure CO

Figure 4.4 shows TPD spectra from 3 nm, 6 nm and 11 nm Pt particles supported

on SiO2: (a) shows the �rst TPD experiment from as-deposited particles and (b)

shows the second TPD and therefore from samples that have been heated to 700 K.

Prior to the TPD experiments, the samples were dosed with 12C18O through a leak

valve at 10−7 mbar for 10 min corresponding to 60 Langmuir, su�cient to saturate

the surface. During the TPD experiments, the temperature was ramped at 1 K/s

from 298 K to 700 K by heating the wafer directly, while simultaneously recording

the quadrupole mass spectrometer (QMS) signal at mass 30 amu with the sni�er

tip placed within a distance of 0.5 mm to the sample. In Figure 4.4 the spectra are

normalized to maximum intensity of the QMS ion signal, to make a comparison of

the desorption features from the di�erent size particles more straightforward.

Figure 4.4: CO TPD spectra from mass selected Pt nanoparticles of 3, 6
and 11 nm. (a) �rst TPD of as deposited particles, (b) second TPD. The
temperature ramp rate was 1 K/s. Adapted from [92].

All the desorption spectra presented in Figure 4.4 show a low temperature peak

at 390 K and a high temperature peak/shoulder at ∼475 K that extends to 575 K.

The apparent di�erence when reducing the particle size from 11 nm to 6 nm to 3

nm is the increased intensity of the high temperature feature. The observed trend

is consistent with particles exposing an increasing proportion of under-coordinated

sites when decreasing the particle size. Similarly, when comparing the �rst TPD

to the second TPD it is evident that the high temperature feature is reduced after

the particles have been heated brie�y to 700 K. This observation is consistent with

a surface reconstruction of the particles where an initial roughness of the particles

is removed by the annealing during the �rst TPD. A third TPD was performed

on selected samples (not shown) which proved to be identical to the previous TPD,

supporting the idea of a minor surface reconstruction, and showing that the particles
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have attained a stable structure after the second TPD.

4.5 High pressure CO

After the samples were subjected to the two low pressure TPD experiments presented

above, they were transferred into the high pressure cell and annealed at 573 K in

∼5 mbar CO for 10 min. The samples were then cooled down to 300 K in the CO

atmosphere after which the cell was evacuated. The samples were then transferred

back into the vacuum chamber and placed under the QMS sni�er tip, where a TPD

experiment was performed immediately. The resulting TPD spectra are shown in

Figure 4.5(a) as the dashed red line along with the previous low pressure TPD

represented by the black line.

Figure 4.5: (a) CO desorption spectra from samples with 3, 6 and 11 nm Pt
nanoparticles on SiO2/Si. The black lines are from the second low pressure
TPD as presented in Figure 4.4(b) and the dashed red lines are the CO TPDs
after the subsequent annealing of the samples at 573 K in ∼5 mbar CO. (b)
ISS spectra from the corresponding samples acquired after the high pressure
TPD experiments. Adapted from [92].

For the 3 nm particles, the high pressure CO annealing increases the high tem-

perature desorption feature and the desorption now extends beyond 550 K. This

increase of the high temperature desorption feature is even more pronounced for the

6 nm particles, whereas the desorption behaviour of the 11 nm particles basically

remains una�ected when comparing the low and high pressure CO dose.
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ISS was performed after the high pressure annealing and subsequent TPD exper-

iments with the purpose to check for nickel contamination. Nickel is a well-known

source of contamination when working with high pressure CO dosing. CO under

high pressure reacts with nickel contained in stainless steel tubing and containers

to form nickel-carbonyl species. If nickel-carbonyls are present in the dosing gas

they will decompose on the catalyst surface and deposit nickel. A suitable cleaning

of the CO feed gas, as described in Section 2.3, will remove the trace amounts of

impurities. The ISS spectra presented in Figure 4.5(b) show no indication of nickel

contamination, only the expected oxygen, silicon and platinum peaks are present as

indicated in the �gure.

4.6 Comparative study on Pt(111)

A comparative study on a Pt(111) single crystal was conducted in parallel to the

study of the nanoparticle model system. The aim was to investigate the CO desorp-

tion from an annealed Pt(111) surface containing very few step sites and after intro-

ducing a rougher surface topography by Ar+ sputtering. From these experiments,

a close link between the CO desorption temperature and the coordination number

of the adsorption site can be made and hereby establish CO TPD experiments as

a tool to investigate the surface structure. The CO desorption was investigated

after dosing at low pressure, and by transferring the crystal into the attached high

pressure cell the e�ect of annealing in a high pressure of CO was also studied. The

experiments were conducted at a di�erent UHV setup at CINF with XPS, ISS, TPD

and Low Energy Electron Di�raction (LEED) capabilities.

4.6.1 Low pressure CO

Figure 4.6(a) show CO TPD spectra from the Pt(111) crystal in the annealed state

and after various sputter treatments: Annealed to 1273 K, sputtered at 373 K, sput-

tered at 573 K and sputtered at 673 K. All sputter treatments were performed with

1.2 keV Ar+ ions after a standard cleaning procedure involving cycles of sputtering

at room temperature, annealing to 1273 K and sputtering at 1273 K. The cleanliness

of the crystal was checked with LEED, XPS and ISS. The CO dosing was done at

2×10−7 mbar for 10 min while the cooling down the crystal from the sputtering tem-

perature to room temperature and the TPD was acquired with a heating rate of 2

K/s. The four spectra shown in the �gure are normalised to the maximum intensity

to enhance the sputter dependent high temperature feature. The TPD spectrum
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from the annealed crystal show only a single broad desorption peak from 300 K to

500 K, consistent with the results from Steininger et al. [81]. When the crystal is

sputtered, the main desorption peak becomes narrower and a high temperature fea-

ture emerges from 475 K to 550 K. It is furthermore seen that the high temperature

feature becomes more pronounced when lowering the sputter temperature.

(a) (b)

Figure 4.6: (a) CO TPD spectra from the Pt(111) single crystal after
di�erent sputter temperatures. The crystal was cooled to room temperature
in a background of CO at 10−7 mbar for 10 min. The heating rate was
2 K/s. (b) A comparison of TPD spectra from the annealed Pt(111), the
Pt(111) sputtered at room temperature and from a sample with 11 nm Pt
particles on SiO2/Si. The samples were dosed at 300 K in 10−7 mbar CO
for 10 min. The experiments involving the Pt(111) crystal were conducted
by Tobias Johansson and Angela den Dunnen. Both adapted from [92].

The STM study by Michely et al. showed that low temperature sputtering re-

sults in a rougher surface topography with more step sites than high temperature

sputtering[20, 87], as mentioned in the introduction. The change in surface struc-

ture, i.e. in the amount of step sites, is clearly observed in the CO TPDs shown in

Figure 4.6 as a change in the amount of CO desorbing at high temperatures (i.e. CO

bound to step sites) relative to CO desorbing at low temperature (i.e. CO bound

at terrace sites). This demonstrates CO TPDs as a useful tool to probe the surface

structure of nanoparticles (this is further elaborated in the discussion below).

In Figure 4.6(b), CO desorption spectra from the annealed Pt(111), room tem-

perature sputtered Pt(111) and 11 nm mass selected Pt particles on SiO2 are shown,

and normalised to the maximum intensity for easy comparison. The single crystal

and nanoparticle sample experiments were performed in two di�erent UHV systems

but the CO dosing and TPD conditions were kept as similar as possible. The dosing

was done with freshly prepared samples at room temperature in 10−7 mbar CO for

10 min and the TPD heating rate was 1 K/s in both cases. Comparing the TPD
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from the 11 nm particles to the sputtered single crystal a similar desorption be-

haviour is observed with small di�erences. In both cases, the desorption kicks o� at

∼300 K followed by a narrow main desorption peak and a high temperature shoul-

der. The apparent di�erences include the main peak of the nanoparticle spectrum

being slightly more narrow and centred at 390 K as well as the high temperature

feature extending further until ∼575 K. For comparison, CO from the sputtered

single crystal is fully desorbed at ∼540 K.

4.6.2 High pressure CO

In the previous section we established the use of CO TPD as tool to probe surface

structure of Pt nanoparticles. In this section the e�ect of annealing in a high pressure

of CO on the surface structure is investigated using CO TPD experiments. A series

of comparative experiments were performed where the e�ect of annealing in either

vacuum or 10 mbar CO were investigated. The Pt(111) crystal was sputtered at 373

K and subsequently annealed in either vacuum or 11 mbar CO at 373 for 10 min.

The CO TPD spectra after these sets of treatments are showed in the bottom section

of Figure 4.7(a) along with a CO TPD from the annealed crystal (top section) for

comparison. In Figure 4.7(b) the results are presented from a comparable set of

experiments with the sputter and annealing temperature set to 573 K. Prior to the

TPD experiments, the vacuum annealed samples were dosed with CO at 10−7 mbar

for 10 min at room temperature, whereas the samples annealed in CO were cooled

down to 300 K, at which point the CO was evacuated.

When comparing the CO desorption spectra after annealing in vacuum (red line)

and in 11 mbar CO (black line) in Figure 4.7(a), it is evident that the presence of CO

only has a minor annealing e�ect on the surface structure at 373 K. Alternatively,

as shown in Figure 4.7(b), annealing to 573 K in 11 mbar of CO produces a large

annealing e�ect compared to vacuum annealing. The same annealing e�ect was also

observed when annealing in 3 mbar CO at 573 K (data not shown). From these

experiments it is evident that the presence of CO adsorbed on the surface enhances

the rate of a surface restructuring where the sputter induced steps are annealed out.
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Figure 4.7: CO TPD spectra from the Pt(111) crystal after sputtering and
vacuum annealing at (a) 373 K and (b) 573 K (red lines), after sputtering
and annealing in 11 mbar CO at (a) 373 K and (b) 573 K (black lines) and
in the fully annealed state (blue lines) for comparison. The experiments were
conducted by Tobias Johansson and Angela den Dunnen. Adapted from [92].

4.7 Discussion

The structure of nanoparticles is not easily characterised experimentally. Single crys-

tal surfaces, on the other hand, are well de�ned and relatively easy to characterise.

The adsorption and desorption behaviour of CO from various surface terminations

of the Pt single crystal has previously been studied and the desorption temperature

has been proven to be very dependent on the structure of the adsorption site[81�83].

DFT calculations have also shown that the binding energy of CO on Pt is highly

structure sensitive[86] and correlated to the coordination of the surface atoms[88].

By correlating the surface morphology of Pt single crystals determined by e.g. STM

or LEED to the desorption behaviour, desorption spectroscopy can be used as a

tool to probe the surface structure. Nanoparticles can be more or less crystalline

and attain shapes close to equilibrium exposing various facet terminations or adopt

shapes far from equilibrium exposing very rough surfaces. With the single crys-

tal desorption results in hand, temperature programmed desorption can be used to

probe the surface structural composition of nanoparticles.
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4.7.1 Correlating low pressure CO TPD to surface structure

The STM study, mentioned in the introduction, by Michely et al. of the Pt(111)

surface after Ar+ sputter treatments at various temperatures showed that sputter-

ing leads to pit formation and that the step-density increases when lowering the

sputtering temperature. Comparing the CO TPD spectrum from Pt(111) in the

annealed state to those after sputtering at increasing temperatures (Figure 4.6(a)),

clearly indicate that the high temperature feature from 475 - 550 K originates from

CO bound to step sites and the main peak from 300 K to 500 K originates from CO

bound to terraces. This is also consistent with results from stepped Pt single crystals

such as the Pt(112)[82]. The increasing intensity of the high temperature feature is

furthermore consistent with the increasing step density created when decreasing the

sputter temperature. Having established a correlation between that structure and

CO desorption behaviour, the CO TPD results from the nanoparticulate samples

can be correlated to the particle structure. In Figure 4.6(b) the TPD from 11 nm

particles on SiO2 is compared to that of an annealed and sputtered Pt(111). The

low temperature peak indicates that the 11 nm particles contain (111)-facets. The

high temperature peak from the nanoparticles di�ers from the sputtered Pt(111)

by extending to higher temperatures. This indicates that the nanoparticles contain

both step-sites and highly under-coordinated sites such as kinks, edges and corners,

consistent with the high temperature CO desorption feature from the kinked Pt(321)

surface (containing 60% 6-fold coordinated terrace atoms, 20% 5-fold coordinated

step atoms and 20% 4-fold coordinated kink atoms) which extends from 500 K to

600 K.

When comparing the CO desorption from 3 nm, 6 nm and 11 nm Pt particles, it can

be seen from Figure 4.4(a) that the high temperature feature is more pronounced

from smaller particles along with an increased desorption above 550 K. This trend

�ts well with the picture that smaller particles exposing a higher surface area frac-

tion of under-coordinated sites. The surface reconstruction upon annealing to 700 K

can be observed in Figure 4.4(b) where a loss of the initial surface roughness results

in an intensity drop of the high temperature feature. Due to the particle formation

process inside the aggregation zone of the cluster source, the particle morphology

is not expected to be in equilibrium so some degree of surface reconstruction upon

annealing is expected.

The discussion above displays that the binding energy of CO to Pt is dependent

on the coordination of the surface sites, which in turn is correlated to the particle

size. Another particle size e�ect which could come into play are �nite size e�ects

including lattice stain and electronic e�ects when decreasing the particle size below
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∼5-3 nm. A TEM study of 3-5 nm gold particles suggest that the surface atoms

are contracted and that the contraction is coordination dependent, dominated by

edge atoms and atoms on (100) facets[93]. A concern in this study is the presence

of adsorbates which are unaccounted for, but most likely present in the relatively

poor vacuum in a TEM. DFT calculations on adsorption energies of O and CO on

unsupported gold nanoparticles by Kleis et al. have shown that gold particles below

2.7 nm exhibit clear �nite size e�ects, with the general trend that the adsorption of

O and CO becomes stronger as the particle becomes smaller[94]. Above 2.7 nm, the

particles have chemical properties similar to extended surfaces. Recent unpublished

results obtained by Kleis et al. show the same trend for Pt nanoparticles, where

the �nite size e�ect appears below ∼2 nm. It is also concluded that the observed

changes in adsorption energy with particle size is dominated by electronic e�ects

rather than by lattice strain e�ects. The opposite e�ect has been reported in a

recent CO TPD study from Pt nanostructures on HOPG where a lower desorption

temperature was observed when decreasing the particle size in the size range of a

few nanometers, suggesting a decreasing CO binding energy for decreasing particle

size[95]. A similar study by microcalorimetry also observed a degrease in CO binding

energy with decreasing particles size for Pd nanoparticles on a thin �lm of Fe3O4[96].

Despite the above mentioned observations, our results show no clear indication of

any such size e�ect, as the desorption peaks in Figure 4.4 remain at the same

temperature, regardless of particle size. As indicated the DFT studies mentioned

above, the absence of this size e�ect may be due to the size of the investigated

particles simply being too large.

4.7.2 High pressure induced surface reconstructions

The enhancement of annealing out the sputtered Pt(111) was clearly observed to be

induced by the presence of mbar pressures of CO. We believe that the adsorption

of CO enhances the mobility of Pt surface atoms which facilitate the accelerated

surface restructuring.

As mentioned above, DFT-calculations have shown that the adsorption energy of CO

to Pt strongly depends on the coordination number of the Pt atom, with increasing

adsorption energy for lower coordination numbers[88]. The increase in adsorption

energy for decreasing coordination numbers is on the order of the energy required

to break Pt-Pt nearest neighbour bonds. This mean that the adsorption of CO

can spontaneously create low-coordinated Pt atoms and hereby enhance mobility of

Pt surface atoms and thus increase the rate of surface reconstructions. Enhanced

di�usion of Pt atoms has also been observed by adsorption of hydrogen atoms[97]
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Apart from the enhanced mobility observed in this study, the equilibrium structure of

a surface can be highly dependent on the presence and on the coverage of adsorbed

species. CO-induced surface restructuring has been observed on a number of Pt

single crystal terminations. The highly stepped Pt(557) and Pt(332) was shown, by

STM and high-pressure XPS, to break up and form nanometer sized clusters on the

terraces when exposed to CO pressures above 0.1 Torr[14]. The apparent roughening

of the surface structure was through DFT-calculations explained by a mechanism

where the increased concentration of under-coordinated Pt edge sites produced by

the cluster formation allow the adsorbed CO molecules to tilt away from each other

and hereby relieve the strong CO-CO repulsion at high coverage. In a combined

STM and DFT study by Thostrup et al.[88, 89] the corrugated Pt(110)-(1×2) surface
was exposed to CO pressures from UHV to 1 bar. The fraction of step-atoms was

reported to increase dramatically when the CO coverage increased to ∼0.7 followed
by a steep decrease in the fraction of step-atoms when the CO coverage was further

increased to 1. A temperature of 373 K was su�cient to facilitate the formation

of equilibrium structures. The observed equilibrium structures were explained by

the di�erence in CO adsorption energy with Pt coordination number. The surface

structure of Pt(111) has also previously been investigated by STM in the presence of

CO from 10−6 Torr to 760 Torr at room temperature, and no surface reconstruction

was observed throughout the pressure range[90], consistent with the equilibrium

structure observed in this study. The afore mentioned studies display the vast

diversity of possible surface reconstructions in response to CO exposure/adsorption,

and that the resulting structure is dependent on the initially exposed crystal facet

and the step density. In general, surfaces will adopt the structure that minimises

the total energy of the system, corresponding to thermodynamic equilibrium. Based

on the previous examples the energy of the system seems to be determined by

an interplay of the coordination dependent CO adsorption energy and the energy

associated with the CO-CO repulsion in the CO adsorption layer.

Exposing supported Pt nanoparticles to a high pressure of CO at elevated tem-

peratures results in the opposite e�ect as observed for the Pt(111) single crystal.

The amount of CO bound at high temperatures increases for the 3 nm and 6 nm

particles which is indicative of a CO induced restructuring of the particle surface

to expose a higher concentration of surface sites with low coordination numbers.

This is consistent with a recent study by Yoshida et al. where the shape of ∼3.5 nm
Pt nanoparticles supported on CeO2 were investigated in an environmental TEM

(ETEM) under vacuum and 1 mbar CO at room temperature[98]. They observed the

particle morphology change from faceted (exposing low index facets) under vacuum

to round in CO, hereby exposing high index facets and sites with low coordination
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numbers. We speculate that the observed surface restructuring of the 3 nm and 6

nm nanoparticles is due to the coordination dependent adsorption energy of CO to

Pt-sites hereby promoting a surface morphology with a high concentration of under-

coordinated sites. In contrast to the observed roughening of the 3 nm and 6 nm

particles, the CO desorption from the 11 nm particles remain virtually una�ected

by the presence of the high pressure CO atmosphere. The previously mentioned

highly stepped Pt(557) and Pt(332), which were observed to roughen when exposed

to mbar pressure of CO, both consist of 6 atom wide (111) terraces separated by

monoatomic steps under UHV conditions. The edge length of the (111) facets on

a 11 nm Wul� constructed Pt nanoparticle is on the order of 41 atoms, which is

considerably larger. Thus, the facet size could be the determining factor for the

di�erent reconstructions observed for di�erent particle sizes.

The observed surface reconstructions induced by the presence of adsorbates and

the particle size dependence of this phenomena can very likely be expanded to

other metal-adsorbate systems and have to be taken into account when describing

structure sensitive catalytic reactions, e.g. dissociation reactions that require special

under-coordinated sites, as well as the oxygen reduction reaction in fuel cell Pt

catalysts where the reaction occurs preferentially on the close-packed (111) facet.

4.8 Conclusion

We have demonstrated the use of temperature programmed desorption experiments

as a sensitive probe of the con�guration of surface sites and the ability to distin-

guish between low index facets and under-coordinated Pt atoms on both single

crystal and nanoparticle model catalysts. By applying this technique to two model

systems, the Pt(111) crystal and mass selected Pt nanoparticles supported on SiO2,

we found good agreement between the surface structure and the corresponding CO

desorption characteristics. Comparing the CO desorption characteristics from the

annealed Pt(111), the sputtered Pt(111) and the mass selected Pt nanoparticles,

showed that the high temperature desorption feature from the nanoparticles was

consistent with desorption from step sites available both on the roughened Pt(111)

and highly stepped Pt crystal surfaces reported in the literature, along with a mi-

nor contribution from sites with even lower coordination numbers (edges, kinks and

corners). Reducing the particle size from 11 nm to 6 nm to 3 nm resulted in an

increased intensity of the high temperature feature, consistent with a size dependent

particle morphology where under-coordinated sites increasingly dominate nanopar-

ticles as the particle size is decreased.
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Exposing the roughened Pt(111) crystal to mbar range pressures of CO at elevated

temperatures gave rise to a promotion of the annealing process whereas the same

treatment of the 3 nm and 6 nm Pt particles induced an apparent surface roughening

as indicated by the increase in CO desorption at high temperature. The 11 nm par-

ticles showed only a minor increase in high temperature CO desorption. Based on

literature, we expect that Pt-Pt nearest neighbour bonds weakens due to adsorption

of CO which gives rise to enhanced mobility of Pt surface atoms and thereby pro-

motes the surface restructuring into a more thermodynamically favourable structure.

It is known from literature, that Pt surfaces may reconstruct into various structures

dependent on the CO coverages and crystal termination, which is proposed to be due

to the coordination dependent CO adsorption energy and CO-CO repulsion at high

coverages. Highly stepped and corrugated Pt surfaces reconstruct whereas Pt(111)

does not reconstruct. We speculate that the di�erences in CO induced surface re-

construction with particle size is related to the facets size and the distribution of

surface atoms with low coordination number.
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Chapter 5

Pt and Pt-Y alloys for Oxygen

Reduction Reaction

In this chapter we establish a size and structural dependence of platinum nanoparti-

cles for the electrochemical oxygen reduction reaction (ORR). We expand the study

to platinum-yttrium alloy nanoparticles which show an improved activity for the

ORR.

The electrochemical measurements were performed in the electrochemical lab at

CINF and the people involved were Francisco J. Perez-Alonso, Patricia Hernandez-

Fernandez and Ifan E. L. Stephens.

5.1 Introduction

Studying the size and structural dependence of Pt for the ORR is motivated by the

use of Pt in low temperature polymer electrolyte membrane fuel cells (PEMFCs).

Pt is used in state-of-the art PEMFCs, but due to the slow kinetics of the oxygen

reduction reaction (despite the use of Pt), a high Pt loading is required at the cath-

ode. Pt is scarce and expensive so the required high Pt loading at the cathode is the

main obstacle for making PEMFCs economically viable[99]. In order to improve the

reaction kinetics, a fundamental understanding of the factors that control the ORR

activity of Pt is needed. Especially the size and structural dependence as well as the

nature of the active site are important factors to understand. Numerous studies have

been reported on this subject and most articles report an increase in speci�c activ-

ity (activity per Pt surface area) with increasing particle size. The observed trend

was rationalised by Nørskov, Rossmeisl and co-workers through density functional

theory (DFT) calculations, and they proposed that the terrace sites are the active
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Chapter 5. Pt and Pt-Y alloys for Oxygen Reduction Reaction

sites and that under-coordinated sites bind the reaction intermediates (O∗, HO∗,

HOO∗) too strongly[100, 101]. Recently, Arenz and co-workers have questioned the

validity of the aforementioned experimental studies of the ORR activity measured

on Pt nanoparticles on high surface area supports, due to the in�uence of uncom-

pensated resistance and support capacitance[102]. The arisen controversy strongly

motivates model studies with good control of particle size and dispersion and by

using a planar support, capacitance e�ects can be neglected. The existing UHV

setup with attached cluster source is well suited for the purpose of preparing such

model catalysts, due to the capability of depositing mass selected Pt nanoparticles

directly onto a planar glassy carbon support which is compatible with the rotat-

ing ring disc electrode (RRDE) assembly. It is furthermore an advantage that the

nanoparticles generated by the gas aggregation technique does not contain surfac-

tant molecules that would be present on particles produced by chemical synthesis,

and as the model catalysts are prepared in vacuum, surface science characterisation

techniques can readily be employed.

The overall reaction in a PEMFC is 2H2 + O2 ⇀↽ H2O. On the anode side, the

Hydrogen Oxidation Reaction (HOR) takes place, and the protons are conducted

through the proton exchange membrane (often made of Na�on) to the cathode while

the electron goes through an external circuit. On the cathode side the protons and

electrons react with oxygen to give water, which is called the Oxygen Reduction

Reaction (ORR).

O2 + 4H+ + 4e− ⇀↽ 2H2O (5.1)

The thermodynamic potential for the overall reaction at 80◦C is 1.17 V which would

be the potential over the PEMFC if no losses were present. A measured polarisation

curve of a state-of-the art PEMFC is shown in the red curve in Figure 5.1. As the

current density increases, losses in the cell from ohmic resistance, mass transport

limitations and from poor kinetics of the half-cell reactions gives rise to a potential

drop (overpotential η) over the cell. The blue curve in Figure 5.1 represents the

contribution to the overpotential from the ORR, ηORR, which clearly shows that

the poor kinetics (large reaction barrier) of the ORR is the main contributor to the

overpotential. A more active catalyst for the ORR would result in a higher current

density at a given cell potential.

The reaction mechanism for the oxygen reduction reaction involve four proton

and four electron transfers to each O2 molecule (see Equation 5.1) and several in-

termediate species are bound to the surface i.e. O∗, HO∗ and HOO∗. The exact

reaction mechanism is controversial as it is di�cult to probe the intermediates in
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Figure 5.1: Polarisation curve of a state-of-the are PEMFC, using a plat-
inum catalyst. The cell is operated at 80◦C at a total pressure of 1.5 bar
H2/O2. Adapted from [103], originally from [99].

situ experimentally. Considering the reaction mechanism depicted in Figure 5.2,

theoretical models developed by Rossmeisl, Nørskov and co-workers through DFT

calculations can successfully account for the overall trends, and by including the

adsorption energies of the di�erent ORR intermediates, i.e. O∗, HO∗ and HOO∗ in

the model, the full free energy pathway for the reaction as a function of potential

can be calculated[104, 105]. Figure 5.2(a) shows the free energy diagram of the

ORR at 0.9 V on Pt(111) and the stepped Pt(211). Any reaction step that is uphill

in energy, such as ∆G1 and ∆G2 will slow down the reaction and give rise to an

overpotential, and the reaction step that is most uphill is the potential determining

step. By increasing the overpotential, the driving force for each reaction step is in-

creased (i.e. ∆G1 and ∆G2 are decreased), until all the reaction steps are downhill

in free energy the current density will exponential increase. A catalyst that binds

HO∗ stronger as well as HOO∗ weaker will according to Figure 5.2(a) decrease the

overpotential and thereby increase the activity. Unfortunately, it has been found

that the adsorption energies of HO∗ and HOO∗ are linearly dependent on metal

surfaces[106] and the optimal catalyst therefore bind each of the four intermediately

moderately such that ∆G1 and ∆G2 are equal. Figure 5.2(a) furthermore show that

the close-packed Pt(111) surface is much more active that Pt step sites as the reac-

tion intermediates are simply bound too strongly to the step sites (∆G2 step sites

� ∆G2 terrace sites).

Pt is the most active pure metal, but from the volcano curve shown in Figure

5.2(b) it can be seen that the optimal catalyst for the ORR, should have an O

binding energy of 0.2 eV weaker than pure Pt. Due to the linear scaling between

the adsorption energy of the reaction intermediates, the trends in ORR activity on
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Figure 5.2: (a) Free energy diagram of Pt(111) and Pt(211). Data in the
�gure are from [100, 105]. (b) Volcano plot for di�erent Pt alloy catalysts
with Pt overlayers, showing experimental ORR activity enhancement as a
function of oxygen binding energy ∆EO, both relative to pure Pt. All data
are at 0.9 V (RHE). Adapted from [107]

di�erent metal surfaces can be related to one "descriptor"; the O binding energy.

This is what gives rise to a volcano-type curve as shown in Figure 5.2(b), where

experimental ORR activity enhancement relative to Pt is plotted as a function of

the calculated oxygen binding energy relative to Pt, for a number Pt alloy catalysts

with Pt overlayers[107]. On the weak binding side of the volcano (right side), OOH∗

formation is the potential determining step and on the strong binding side of the

volcano (left side), OH∗ removal is the potential determining step. One route to

reduce the Pt loading in PEMFCs is to increase the activity of Pt by alloying with

other metals. A number of alloys of Pt and late transition metals have been studied

and tested and the achieved activity enhancements are shown as data points in

Figure 5.2(b). All the Pt alloys in Figure 5.2(b) has a pure Pt overlayer and the result

of alloying is a modi�ed electronic properties of the Pt overlayer that weakens the

adsorption energy of the ORR intermediates relative to pure Pt. This modi�cation

can be obtained by two e�ects: ligand e�ect or strain e�ect. The ligand e�ect is due

to the solute metal in the subsurface layer which change the electronic properties of

the Pt overlayer. The strain e�ect is present when the Pt surface-layer is compressed

laterally induced by a slight lattice mismatch between Pt and the underlying alloy

structure. The compressed Pt overlayer exhibit a downshift in the d-band center

which makes it less reactive (see Section 1.3.1). The mutual importance of the two

e�ects are in general di�cult to distinguish. When alloying Pt with a less noble

metals such as Cu, Co, Ni, Fe or Y, the solute metal is not stable under acidic

condition and high potentials and the solute metal is therefore dissolved in solution

leaving behind a pure Pt overlayer[99, 108�114]. This Pt overlayer is stable and
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act as a kinetic barrier for further de-alloying. Pt alloy catalysts such as PtNix,

PtCox, PtFex and PtCux have been tested in PEMFCs and they tend to degrade

over time[99, 109, 111, 113], due to segregation of the solute metal into the surface

layer and further dissolution into the electrolyte. The susceptibility for de-alloying

is not surprising, as the alloying energy is negligible[115].

Motivated by reported activity enhancements of Pt alloy catalysts for the ORR

we have studied model catalysts consisting of Pt-Y alloy nanoparticles for the ORR,

and the results are presented in the second part of this chapter. The Pt-Y alloy

was originally proposed as a result of a computational screening study conducted

at CAMD, DTU Physics by Greeley et al. where they investigated a number of

di�erent Pt-alloys and the results indicated that Pt3Y was both thermodynamically

extremely stable (very negative alloying energy) and active for ORR[115]. In the

same study, the Pt3Y alloy was also tested experimentally (at CINF) for the ORR in

the form of a polycrystalline disc and the results showed a 6-10 times enhancement

in the ORR activity relative to Pt depending of the potential, which is the highest

ORR activity recorded from a polycrystalline sample[116]. In a recent study from

our group by Stephens et al. a number of Pt alloys with early transition metals in

the polycrystalline form was tested for the ORR and the results showed that Pt5Y

was also very active (see Figure 5.3(a))[107].

Figure 5.3: (a) Kinetic current density jk at 0.9 V and 23◦C for all catalysts.
The current density is normalised to the geometric surface area. (b) Angle-
resolved XPS pro�les of Pt5Y acquired after the ORR measurements had
been conducted. The dotted lines represent the assumed bulk composition
of Pt5Y. Both adapted from [107]

The original computational screening study by Greeley et al. predicted the high

activity of Pt3Y on the basis of a structure with a monolayer thick Pt skin. Inter-

estingly, the angle-resolved XPS (AR-XPS) measurements performed on the Pt5Y

electrode after the ORR test showed an approximate depth pro�le with a 10 - 15 Å

thick pure Pt surface layer on top of the Pt5Y bulk, see Figure 5.3(b). A similar Pt

surface layer thickness can be expected on the Pt3Y polycrystalline sample under

ORR conditions. Another interesting result from that study is that the catalysts
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with high Y content, such as PtY and Pt2Y, proved to be unstable and the dissolu-

tion of Y continued to penetrate deep into the sample. PtY and Pt2Y nanoparticles

are therefore also believed to be unstable.

In order to achieve a better understanding of the nature of the active sites of

these Pt-Y catalysts, a parallel study was performed at CINF[117]. The results

are unpublished and will be summarised in the following. A Pt-Y model system

was prepared by depositing 88 Å Y on top of a Pt(111) single crystal in UHV at

1173 K. By annealing the Y/Pt(111) system an alloy surface-region was formed with

a thickness su�cient for the surface properties to be the same as bulk PtxY. The

results were obtained under UHV conditions and under ORR conditions and are

summarized in Figure 5.4. Combining the angle-resolved XPS results (AR-XPS) in

Figure 5.4(d) with those obtained by ISS in Figure 5.4(a), suggests that the sample

consists of a Pt overlayer on top of some PtxY structure. Assuming that the structure

is composed of a single Pt monolayer on top of a PtxY alloy, x was calculated to be

5.7 on the basis of XPS experiments. The Low-energy electron di�raction (LEED)

pattern recorded from the UHV prepared Y/Pt(111) is proposed to correspond to

a 2×2 R30◦ Pt overlayer structure under 6% compressive strain relative to Pt(111)

(Figure 5.4(b)). CO TPD spectra from the Y/Pt(111) show that CO is bound weaker

than to Pt(111) which is consistent with compressively strained surface (Figure

5.4(c)). Before measuring the ORR activity of the model catalyst, AR-XPS depth

pro�le was carried out (Figure 5.4(d)). The initial 5 Å are attributable to C and O

atoms (adventitious contamination) together with a small amount of yttrium oxide.

Underneath, there is a Pt overlayer and then the bulk of the sample, which has been

�xed to be Pt5Y on the basis of the XPS results and because this structure is the

most Pt rich stable Pt-Y phase[118]. According to recent DFT calculations, the most

reliable structure of Y/Pt(111) is the Pt5Y structure with monolayer Pt on-top which

under 5% compressive strain, as shown in the model in Figure 5.4(d). The ORR

activity of the Y/Pt(111) model catalyst is signi�cant higher than polycrystalline Pt

and comparable to that of polycrystalline Pt3Y prepared by sputter-cleaned (Figure

5.4(e)). The AR-XPS depth pro�le performed after electrochemical testing on the

model catalyst is signi�cantly di�erent to the one before electrochemical testing

(Figure 5.4(f)). The Pt overlayer has become much thicker as a result of Y leaching

out from the underlying layers.
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Figure 5.4: Surface characterization of the Y/Pt(111) single crystal under
UHV conditions and after ORR activity measurements. (a) ISS spectrum of
Pt(111) before (black) and after (red) Y deposition at 1173 K. (b) LEED
patterns for Pt(111) and Y/Pt(111). (c) CO TPD from Pt(111) (black) and
Y/Pt(111) (red). (d) AR-XPS depth pro�le of the Y/Pt(111). The inset
represents the calculated structure. (e) Kinetic current density as a function
of the potential for Pt pc (black), sputter cleaned Pt5Y (green) and Pt3Y
(blue) and Y/Pt(111) (red). The measurements were recorded at 50mVs−1,
1600 rpm and 60±1◦C in O2-saturated 0.1 M HClO4 electrolyte. (f) AR-XPS
depth pro�le of the Y/Pt(111) after ORR activity measurements.
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In conclusion, this study suggests that the active surface of Pt5Y during ORR

activity measurements consist of a 10 - 15 Å thick Pt overlayer on top of the Pt5Y

structure, and the surface is most likely terminated by a compressively strained

Pt(111) surface. A compressively strained Pt(111) surface will bind oxygen weaker,

which correspond to moving to the right on the volcano curve in Figure 5.2(b), and

according to DFT calculations a Pt(111) under 2% compressive strain will shift the

oxygen binding energy ∼0.2 eV to the top of the volcano[119]. The LEED experi-

ments and DFT calculations suggest that the UHV prepared Y/Pt(111) surface is

under 5% to 6% compressive strain, which would weaken the oxygen binding energy

too much and result in a activity than pure Pt, in contradiction with the experimen-

tal results. However, under the ORR conditions, the thickness of the Pt overlayer

increase which is likely to induce some strain relaxation. The strain of the surface

under ORR conditions will thereby be signi�cantly lower than the 6%, and the oxy-

gen binding energy will shift towards the top of the volcano, and give rise to the

high measured ORR activity. In order to quantify the strain relaxation in the Pt

overlayer, in-situ surface X-ray scattering experiments on the Y/Pt(111) overlayer

in the electrochemical cell are planed in near future.

76



5.2. Pt nanoparticles for ORR

5.2 Pt nanoparticles for ORR

In this section, a study of the activity of Pt nanoparticles for electrochemical ORR

as a function of particle size is presented. The measured ORR activity is correlated

to the fraction of terraces sites which is obtained by CO TPD measurements. The

results are furthermore compared to recent theoretical predictions which form a

coherent picture of the origin of the ORR activity.

5.2.1 Sample preparation

Two sets of identical samples were prepared with mass selected Pt nanoparticles;

one set for electrochemical measurements and one set for CO TPD characterisation1.

The substrates used for electrochemical measurements were polished glassy carbon

(GC) discs, 5 mm in diameter, which were mounted in the sample holder show

in Figure 2.2(e)+(f). After a GC substrate was loaded into the UHV chamber it

was degassed up to 500◦C for a few hours, then cooled down and Pt nanoparticles

were hereafter deposited onto the GC disc using Cluster Source I until maximum

10 % of the substrate was covered with nanoparticles. GC discs were prepared

with particles of 2, 3, 4, 6, 7.7 and 11 nm in diameter. The particle coverage

was determined by integrating the cluster current (see description in Section 2.4.4).

The total Pt surface area was also measured electrochemically by CO stripping and

compared to the Pt surface area predicted by integrating the cluster current (results

presented in a later section). The samples for CO TPD characterisation consisted of

SiO2/Si substrates with mass selected Pt nanoparticles, prepared with cluster source

conditions identical to the samples for electrochemistry. The sample preparation and

CO TPD procedure for theses samples has already been described in the previous

chapter (Chapter 4) and the samples and CO TPD results are the same as presented

in the previous chapter.

A set of TEM grids with a range of particle sizes were also prepared using identical

cluster source conditions for studying the morphology of di�erent particle sizes.

5.2.2 Morphology

The morphology of di�erent particle sizes were determined by TEM and by CO

TPD experiments in the same manner as described in Chapter 4. Representative

1The set of samples used for CO TPD characterisation are the same samples as presented in

Chapter 4
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TEM images, size distributions and CO TPD spectra including �ts are shown in

Figure 5.5. The CO desorption characteristics re�ect the particle morphology as the

CO desorption temperature is dependent on the geometry of the adsorption site,

as discussed in the previous chapter. For the purpose of quantifying the fraction of

terrace sites on the particles from the TPD data, the TPD spectra were deconvoluted

and �tted with three Gaussian functions. The fraction of terraces sites presented in

the �gure were determined as the sum of the area of the �rst and second Gaussian

normalised to the area of all three Gaussians. The fraction of terrace sites increase

with particle size.

Figure 5.5: Nanoparticle size distributions and the corresponding CO TPD
desorption spectra from Pt/SiO2 samples with 2, 3, 6 and 11 nm parti-
cles. Each TPD spectrum has been �tted with three Gaussian functions as
described in the text and the fraction of terrace surface area is included.
Adapted from [120].

The �tting procedure is rationalized from Pt single crystal studies, where three

CO adsorption states have been identi�ed[81�83, 121]: CO bound weakly on terrace

sites at high coverage due to CO-CO repulsion, CO bound on terrace sites at low

coverage and CO bound strongly at under-coordinated sites. A low temperature

peak, corresponding to weakly bound CO on terraces, was �tted without constraints.

An intermediate temperature peak, corresponding to strongly bound CO on terraces,

was �tted with a �xed center temperature, Tcenter = 410 K, �xed temperature

range, Trange = 69 K, and without constraints on the area. A high temperature

peak, corresponding to CO bound to under-coordinated sites, was �tted without

constraints. The 2nd (middle) Gaussian was �xed as we expect the binding of

low coverage CO to have a weak dependence on particle size, unlike the CO-CO

repulsion e�ect seen at low desorption temperature and the bonding characteristics

to under-coordinated sites. The center position of the 2nd Gaussian was set to match

the CO desorption from Pt(111) and the width to ensure the Gaussian decay was

78



5.2. Pt nanoparticles for ORR

complete near 500 K. A similar method has previously been used for interpreting

the coordination dependent binding of oxygen on stepped Pt single crystals[122].

Figure 5.6: Identical location SEM on 5 nm Pt/GC, before and after elec-
trochemical measurements (ORR and CO stripping). Both adapted from
[120].

The particle coverage and the homogeneity of the particle coverage was investi-

gated by SEM before and after electrochemical experiments (ORR and CO stripping)

at identical locations on selected samples with 5 nm Pt/GC. The result is shown in

Figure 5.6 where identical areas are marked. The identical location study shows that

a vast majority of the particles are still present after electrochemical measurements

and that only small amount of particle agglomeration occurs.

5.2.3 Electrochemical characterisation and ORR activity

All the electrochemical experiments were performed with a potentiostat (Bio-Logic

VMP2), a rotating ring disc electrode (RRDE) assembly (Pine Instruments Cor-

poration) and a standard three-compartment glass cell. All glassware was care-

fully cleaned in 96% H2SO4 and 30% H2O2 (3:1 v/v) and subsequently sonicated

and rinsed several times in Millipore water (>18.2 MΩ cm−1, TOC<5 ppb). The

electrolyte, 0.1 M HClO4 (Merck, Suprapur), was also prepared using Millipore

water. The counter electrode was a platinum wire and the reference electrode was

Hg/Hg2SO4. All potentials are reported with respect to the reversible hydrogen elec-

trode (RHE) and corrected for Ohmic losses. The reference electrode and counter

electrode were separated by ceramic frits. The UHV prepared GC electrodes were

transferred in air to the electrochemical cell and immersed under potential control

at 0.05 V in a N2 saturated electrolyte.
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Figure 5.7: Comparison between Pt surface area as a fraction of the GC
electrode area on di�erent samples calculated on the basis of CO stripping
analysis and on the basis of integrated cluster current and the nanoparticle
size. Results from samples with di�erent particle sizes and varying cover-
ages are presented: 2 nm (blue circles), 3 nm (green diamonds), 6 nm (red
squares) and 10 nm (black triangles). The black line represents the 1:1
correlation. Adapted from [120] supporting information.

Before measuring the ORR activity the potential was cycled between 0.5 V and

1.15 V until a stable cyclic voltammogram was achieved. The ORR activity mea-

surements were carried out in an O2 saturated electrolyte by cycling the potential

between 0 V and 1 V at 50 mVs−1 at 1600 RPM disc rotation speed and 23±1 ◦C.
After the ORR activity measurements, the electrochemical accessible Pt surface area

was determined by CO stripping analysis. CO was adsorbed at a constant poten-

tial of 0.05 V for 20 min and CO stripping polarization curves were then recorded

in a CO free Ar-purged electrolyte solution by scanning the potential until 1.0 V

at 50 mVs−1. The active surface area was estimated as the area under the CO

stripping peak assuming that CO is bonded linearly on platinum which provides a

charge equivalence of 420 µC/cm2Pt[123]. A comparison between the Pt surface

area calculated on the basis of the CO stripping analysis and on the basis of the

cluster current integration method is shown in Figure 5.7. The results show a good

agreement between the two methods with the trend that the CO stripping analysis

result in a lower surface area, particularly at high coverages, which is in good agree-

ment with the work by Arenz and co-workers[124]. This can be understood when

taking into account a small amount of particle agglomeration which would be most

pronounced at high coverages. Furthermore, the electrochemical accessible surface

area is expected to be slightly reduced compared to the cluster current integration

method due to the particle-support contact area is rendered inaccessible. The fol-
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lowing ORR activity results are normalised using the Pt surface area measured by

the CO stripping analysis. The kinetic current density, jk, for the oxygen reduction

reaction was corrected for di�usion limitations and calculated as[123]

1

jmeasured
=

1

jk
+

1

jd
(5.2)

where jmeasured is the measured current density and jd is the di�usion limited current

density.

The mass activity, jm, was established using the total mass of Pt, massPt, calculated

on the basis of the CO stripping analysis by

massPt =
APt × (ρPt × dPt)

6
(5.3)

where APt is the Pt surface area determined by the CO stripping experiments, ρPt
is the density of Pt and dPt if the particle diameter. In this way, the mass activity

is a measure of the activity if the particles were spherical.

Figure 5.8: (a, top) Speci�c activity (kinetic current density) and (a, bot-
tom) the mass activity at 0.9 V for the ORR of di�erent particle sizes. The
activities are obtained from cyclic voltammograms in an O2 saturated 0.1 M
HClO4 solution at 50 mV/s. The right y-axis and the blue circles represent
the fraction of terrace sites obtained by CO TPD experiments. (b) Ta�el plot:
Speci�c activity as a function of the electrode potential from Pt nanoparti-
cles of various sizes and from a polycrystalline Pt disc for comparison. Both
adapted from [120].

The results of the ORR activity measurements on the di�erent particle sizes

are shown as Ta�el plots (speci�c activity vs. potential) in Figure 5.8(b), and it

is clearly seen that the speci�c activity increases with particle size in the whole

potential range. In Figure 5.8(a), the speci�c activities jk and mass activities jm
at 0.9 V are plotted as a function of the particle diameter which also show that

the speci�c activity increases with size and that the mass activity has a maximum

around 3 nm.
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The electrochemical ORR activity is related to the fraction of the particle surface

comprised of terraces determined by the CO TPD experiments, as shown in the top

graph in Figure 5.8(a). It is seen that the fraction of terraces correlates nicely to the

speci�c activity, with two outliers i.e. 2 nm and 11 nm. Given the experimental error

bars, the sample with 2 nm particles is the main outlier, which can be explained

by a change in surface structure induced by the electrochemical environment. The

dissolution of corner and edge atoms will have a relatively large impact on the

fraction of active terrace sites on small particles compared to large particles[101]

and small particles have been shown to be more susceptible to corrosion[125�127].

Figure 5.9: (top) The measured speci�c activity (kinetic current density)
and (bottom) mass activity at 0.9 V for the ORR of di�erent particle sizes,
plotted along with recent theoretical predictions of the particle size depen-
dence of ORR activity on Pt, which are represented as the dashed line[101].
The experimental ORR activities are obtained from cyclic voltammograms
in an O2 saturated 0.1 M HClO4 solution at 50 mV/s. Adapted from [120]
supporting information.

A comparison of the experimentally obtained ORR activities at 0.9 V with recent

theoretical predictions by Tritsaris et al. is presented in Figure 5.9[101]. The experi-

mentally obtained ORR speci�c activities are in good agreement with the theoretical

prediction that 11 nm particles have the same activity as extended Pt surfaces and

that there is a four-fold increase in the speci�c activity going from 2 nm to extended

surfaces[100, 101]. Furthermore, the maximum in Pt mass activity for the ORR is

at ∼3 nm, consistent with previous experimental �ndings by Gasteiger et al.[99] and
the theoretical predictions by Tritsaris et al.[101].
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The ORR activities presented in this study are in general, i.e. for all particle

sizes, higher than those reported in earlier investigations of commercial catalysts

[99, 102, 128]. This is attributed to the employed experimental approach, including

the gas aggregation technique for particle formation without use of surfactants and

ideal O2 di�usion conditions during the ORR activity measurements.

5.2.4 Conclusion

It has been shown that the speci�c activity of Pt for ORR increases with increasing

particle size, and that the activity roughly correlates to the fraction of terrace sites,

determined by CO TPD experiments. We therefore conclude that the active sites

for ORR on Pt are located on the terraces of Pt nanoparticles, in good agreement

with earlier theoretical predictions. A maximum in the mass activity has been found

for particles with a diameter of ∼3 nm.
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5.3 Pt-Y alloy nanoparticles for ORR

Motivated by the high ORR activity measured on polycrystalline Pt3Y and Pt5Y,

as mentioned in the introduction, we set out to study the size dependence of the

ORR activity of Pt-Y alloy nanoparticles which are technologically more interesting

than extended surfaces. It should be mentioned that the results presented in this

section are preliminary and a part of an ongoing study. The study builds upon

the results from the pure Pt nanoparticles presented above, and the ORR activity

measurements are therefore performed in the same manner. A straight forward

comparison of the measured ORR activity can therefore be made between the pure

Pt and the Pt-Y alloy nanoparticles.

Much work has been put into tuning and characterising the particle morphology

and alloy composition as well as producing samples for the ORR activity measure-

ments. Employing an alloy sputter target in the cluster source has proven to be

a challenging task as it opens up a new parameter, i.e. the alloy composition of

the formed nanoparticles, which can not be expected to be the same as the sputter

target composition.

A previous extended e�ort to make Pt-Y alloy nanoparticles via a chemical syn-

thesis route had not been successful due to the large di�erence in standard reduction

potentials between the two metals (E0 = +1.188 V (Pt) and -2.37 V (Y)][129]. Par-

ticle synthesis by the sputter aggregation technique proved to be more successful, as

it takes place in an oxygen free environment, and with a Pt-Y alloy sputter target

with both platinum and yttrium already in the metallic state, metallic Pt-Y alloy

nanoparticles could readily be produced.

This section will contain results from Pt-Y nanoparticles with two di�erent Pt:Y

ratios which will be presented separately. In the �rst try to produce Pt3Y nanopar-

ticles a Pt75Y25 sputter target was purchased (99.9% purity, Kurt J Lesker) and

mounted in cluster source I. As later explained, the particles produced from this

target contained a larger Y content than we wanted, so for the purpose of reduc-

ing the Y content in the produced particles a Pt90Y10 sputter target was purchased

(99.9% purity, Kurt J Lesker) and mounted in cluster source II.

5.3.1 Sample preparation

The samples were prepared in the same manner as the pure Pt nanoparticles, with

identical GC substrates for electrochemical measurements and again the particle de-
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5.3. Pt-Y alloy nanoparticles for ORR

positions were carried out until 10 % of the substrate was covered with nanoparticles.

The particle coverage was determined by integrating the cluster current as well as by

depositing onto a quartz crystal microbalance (QCM) prior to depositing particles

onto the sample (see description in Section 2.4.4) and a reasonable agreement was

found between the two methods. The total electrochemical accessible surface area

was measured electrochemically by CO stripping, whereas the total deposited mass

of Pt-Y particles on each sample was determined by the QCM measurement prior to

the particle deposition. For ISS and XPS characterisation in the UHV setup, both

HOPG and glassy carbon substrates were used. TEM grids were also prepared with

particles of di�erent size to study the particle morphology.

5.3.2 Nanoparticles from the Pt75Y25 sputter target

The results presented in this section are from mass selected Pt-Y particles produced

from Pt75Y25 sputter target, in an attempt to obtain Pt3Y nanoparticles and test the

electrocatalytic activity for the ORR as a function of particle size. Cluster source I

was used to produce the particles.

Morphology and composition

The particle morphology was investigated by TEM and the composition of the PtxY

nanoparticles were determined by ISS (the X-ray source for XPS was not available

at this time).

Figure 5.10: TEM images of Pt-Y particles produced from the Pt75Y25

sputter target. (a) 3 nm particle on carbon/Cu TEM-grid as deposited.
(b) 5 nm particles on carbon/Au TEM-grid dipped in the 0.1 M HClO4

electrolyte. (c) 11 nm particle on carbon/Au TEM-grid as deposited.

TEM images from particles with 3, 5 and 11 nm in diameter are shown in Figure
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Chapter 5. Pt and Pt-Y alloys for Oxygen Reduction Reaction

5.10. From the TEM images in Figure 5.10 it is evident that the small 3 nm particles

are crystalline whereas the larger 5 and 11 nm particles are somewhat disordered

or polycrystalline. The TEM grid with 5 nm particle imaged in Figure 5.10(b) was

dipped into the 0.1 M HClO4 electrolyte, which did not seem the a�ect the particle

morphology. On Figure 5.10(c) a bright shell can be seen around the particle. The

shell could consist on yttrium oxide or carbon growth due to the electron beam, but

it has not been identi�ed.

500 600 700 800 900 1000

As deposited

 

 

Pt

Pt
3
Y polycrystal

After sputtering

Io
n 

C
ur

re
nt

 (a
.u

.)

Energy (eV)

3 nm particles from Pt
3
Y target

Y

(a)

0 100 200 300 400 500 600 700 800 900 1000

5 nm particles from Pt
3
Y target

 

 

Y
Io

n 
C

ur
re

nt
 (a

.u
.)

Energy (eV)

Pt
3
Y polycrystal

After sputtering

Pt

600 700 800 900 1000

As deposited

(b)

Figure 5.11: ISS spectra from (a) 3 nm and (b) 5 nm Pt-Y alloy nanoparti-
cles from the Pt3Y sputter target and compared with the Pt3Y polycrystalline
sample. Spectra were acquired from freshly deposited particles and after He
sputtering until a stable spectrum was obtained.

The elemental composition of the Pt-Y alloy nanoparticles was probed by ISS.

Auger electron spectroscopy was also tried but unsuccessful as the main Pt Auger

peak was too low in energy to be detected by the energy analyser. At this time, the

setup was not equipped with a X-ray source, so XPS was not possible either. ISS

was performed using 1000 eV He ions and the spectra from 3 nm and 5 nm particles

on HOPG are shown in Figure 5.11 and compared to a polycrystalline Pt3Y sample

as a reference spectrum (green curve). The polycrystalline Pt3Y was the same one

as used in reference 115. Spectra from (freshly) as deposited 3 and 5 nm particles

(black curves) show a high yttrium content on the particle surface compared to the

polycrystalline Pt3Y reference. For the purpose of probing the elemental compo-

sition in the bulk of the particles, the He ion current was maximized and used to

sputter away surface layers (also called depth pro�ling). A series of ISS spectra were

recorded during the intense He sputtering and initially the yttrium concentration

decreased while the platinum concentration increased. With increasing sputter time

the elemental composition reached a constant level and the subsequent ISS spectra

are shown as the red curves. From these experiments it is evident that the surface of

the particles is Y enriched while the core of the particles has a lower Y concentration.
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5.3. Pt-Y alloy nanoparticles for ORR

The atomic ratio between Pt and Y was not quanti�ed but it is clearly seen that

the particles contain a higher Y content (surface and bulk) than the polycrystalline

Pt3Y reference. It is furthermore noticeable that the particles contain a much higher

Y concentration than in the sputter target.

ORR activity

All the electrochemical experiments were performed as described in Section 5.2.3

and the active surface area was also determined by CO stripping analysis. At this

point the Pt concentration in the particles was not possible to determine accurately

and hence also total mass of Pt on the glassy carbon electrodes, so non of the ORR

activities are related to the mass of platinum. Figure 5.12 shows the speci�c activity

at 0.9 V for the ORR from di�erent sizes of PtxY nanoparticles (red points) and

from pure Pt nanoparticles (black points) for comparison. An activity enhancement

relative to Pt is observed especially for the large size particles whereas the 3 nm

PtxY particles have an activity comparable to pure Pt.

Figure 5.12: Speci�c activity (current density relative to the platinum sur-
face area) at 0.9 V for the ORR from di�erent sizes of PtxY nanoparticles
(red) and from pure Pt nanoparticles (black) for comparison. The speci�c
activity from the corresponding polycrystalline (pc) Pt and Pt3Y are also
shown. The insert shows the activity enhancement relative to platinum. All
ORR activities were recorded at 50 mVs−1, 1600 rpm and 23±1◦C in a O2

saturated 0.1 M HClO4 electrolyte.
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Discussion and conclusion

From the ISS results it is evident that the Y concentration in the particles is

higher than in the Pt3Y polycrystalline sample. It is known from previous ex-

periments on polycrystalline Pt-Y alloy samples that PtY and Pt2Y corrode in the

electrolyte[107],but in spite of the high Y concentration, a signi�cant activity en-

hancement from the Pt-Y nanoparticles was observed. Some preliminary stability

tests were performed by potential cycling from 0 to 1.2 V which showed poor stabil-

ity, presumably due to the high Y concentration and the high upper limit potential

employed. It was decided to try and decrease the Y concentration in the particles

by replacing the Pt75Y25 sputter target with a Pt90Y10 target, and continue the

investigations with nanoparticles produced from that target.

5.3.3 Nanoparticles from the Pt90Y10 sputter target

In an attempt to produce nanoparticles with a Pt:Y ratio closer to Pt3Y or Pt5Y,

which in the polycrystalline form are known to be very active for the ORR [107, 115],

nanoparticles were produced from a Pt90Y10 sputter target. At this time cluster

source II was implemented and connected to the remaining UHV chamber, so the

Pt90Y10 sputter target was therefore mounted herein. The analysis chamber was

furthermore equipped with a X-ray source, enabling quanti�cation of the elemental

composition by XPS.

The results presented in this section will include TEM investigations on the

particle morphology, Pt:Y ratios determined by XPS, ORR activity measurements

of a number of particle sizes and stability measurements of the ORR activity.

Morphology and composition

Mass selected PtxY particles in a size range from 3 to 9 nm were produced and

deposited onto glassy carbon discs (<10% of substrate covered with particles) for

electrochemical measurements and on TEM-grids for TEM investigations. Repre-

sentative TEM images are shown in Figure 5.13 along with corresponding size distri-

butions, and it can be seen that very narrow size distributions have been achieved.

It should also be noticed that a minor secondary peak appears at larger sizes. This

peak can be assigned to mass selected particles with double mass, which is a conse-

quence of the mass selection principle. The TOF mass �lter operates according to

the mass-to-charge ratio and double ionised particles with double mass will there-
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fore also be transmitted. All particles in the size range appear spherical and the

larger 7 and 9 nm particles are polycrystalline with visible smaller crystal domains.

The crystallinity of the smaller 3 and 5 nm particles has not yet been determined

because of poor resolution in the images. A more thorough investigation of the

crystal structure and elemental composition of the particles before and after ORR

experiments using the analytical TEM has been planed. The analytical TEM has

high resolution scanning transmission electron microscopy (HR-STEM) capabilities

which enables chemical mapping across the particle through energy electron loss

spectroscopy (EELS).

Figure 5.13: (a)-(d) size distributions and (e)-(h) TEM images of 3, 5,
7 and 9 nm Pt-Y particles produced from the Pt90Y10 sputter target. The
particles were deposited onto carbon/Au TEM-grids, transported in air to the
microscope and imaged with further treatment. The stated Pt/Y ratios are
quanti�ed by XPS from PtxY nanoparticles on glassy carbon before exposed
to air.

The elemental composition of the deposited particles have been determined by

XPS from all the investigated particle sizes and the Pt/Y atomic ratios are between

4 and 10 as shown in Table 5.1. This is in good agreement with ISS spectra obtained

from freshly deposited 9 nm particles which showed slightly smaller amount of Y

than the Pt3Y polycrystalline sample.

A typical XPS spectra from PtxY particles deposited on glassy carbon is shown

in Figure 5.14, where the observed peaks have been identi�ed. The inserts show

high resolution spectra of the Pt4f and Y3d peaks which are used to quantify the

Pt/Y atomic ratios. The light blue regions indicate the part of the spectrum used

89



Chapter 5. Pt and Pt-Y alloys for Oxygen Reduction Reaction

3 nm 5 nm 7 nm 9 nm
Pt/Y ratio before ORR 10 5 4 5

Table 5.1: Pt/Y ratio of freshly deposited PtxY nanoparticles of various
sizes before exposing to air. Quanti�ed by XPS.

in the quanti�cation and the background below the peaks are �tted with a Shirley

background. The approximate Pt and Y atomic ratios are calculated on the basis of

the area under the peaks which are normalised by atomic-sensitivity-factors (ASFPt
= 4.4 and ASFY = 1.57), assuming homogeneous elemental composition. Apart

from carbon, platinum and yttrium, small amounts of molybdenum from the sample

holder is detected along with small amounts of oxygen and possibly caesium. Oxygen

is most likely from adsorbed CO while the origin of Cs is unknown.

Figure 5.14: Typical XPS spectrum acquired of as-deposited PtxY nanopar-
ticles. This spectrum is from 5 nm Pt5Y nanoparticles and the inserts shown
the Pt4f and Y3d peaks that are used to quantify the Pt/Y atomic ratio.
Mg anode with a photon energy of 1253.6 eV.

ORR activity and stability

The ORR activity of the glassy carbon-supported PtxY nanoparticles has been tested

by cyclic voltammetry in a 0.1 M HClO4 electrolyte using a rotating ring disk elec-
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trode (RRDE) assembly as described in Section 5.2.3. The speci�c activity and the

mass activity at 0.9 V for the di�erent catalysts are plotted in Figure 5.15. Both

the kinetic and the mass current density of the PtxY samples (red points) increase

with particle size. If we compare the results with those from the pure Pt nanopar-

ticles (black points), a clearly improvement of the ORR activity is observed for the

PtxY nanoparticles, in line with the previous studies on polycrystalline Pt3Y and

Pt5Y[107, 115]. Furthermore, the activity of the PtxY nanoparticles with the highest

diameter, 9nm, is close to that of the corresponding extended Pt5Y surface.

Figure 5.15: (a) Speci�c activity and (b) mass activity at 0.9 V for the
ORR from di�erent PtxY particle sizes (red), PtxY after 9000 potential
cycles (blue) and pure Pt nanoparticles (black) for comparison. The speci�c
activity from the corresponding polycrystalline Pt and Pt3Y are also shown.
All ORR activities were recorded at 50 mVs−1, 1600 rpm and 23±1◦C in a
O2 saturated 0.1 M HClO4 electrolyte.

Stability studies were also carried out on the model catalysts. The stability test

was performed by cycling the potential between 0.6 and 1 V in O2 saturated 0.1 M

HClO4 electrolyte. After 9000 cycles, the potential window was extended until 0 V

and the polarization curves were recorded at 1600 rpm. The active surface area

was also measured by CO stripping after the stability test and no signi�cant loss

was observed after 9000 cycles (< 10 %). The activity after this test is plotted

as a function of particles size represented by the blue points in Figure 5.15. The

remaining speci�c activity at 0.9 V after the stability test for each particle size is

quanti�ed in Figure 5.16(b) and it is seen that between 80 and 50 % of the activity

remains, relative to the initial activity. Notably, the most part of the activity is

lost in the �rst hundred cycles as is illustrated in Figure 5.16(a), where the kinetic

current density as a function of the applied potential is plotted after 30, 650 and

9000 potential cycles for 7 nm PtxY. The Pt/Y atomic ratio of 7 nm PtxY model

catalysts was quanti�ed by XPS before ORR activity test, after ORR activity test
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(30 potential cycles) and after stability test (9000 potential cycles). The initial Pt/Y

XPS atomic ratio for that catalyst increases from 4 to 14 after the activity test and

up to 22 after the stability test. This suggest that the most part of the yttrium

is leaching out from the nanoparticles already after the �rst few potential cycles,

followed by a slower dissolution of Y during the following cycles.

Figure 5.16: (a) Speci�c activity as a function of the electrolyte potential
for 7 nm Pt4Y nanoparticles: initially (�lled black circles), after 650 (open
blue circles) and after 9000 (open red circles) potential cycles. (b) Remaining
speci�c activity at 0.9 V after stability test with 9000 potential cycles. All
ORR activities were recorded at 50 mVs−1, 1600 rpm and 23±1◦C in a O2

saturated 0.1 M HClO4 electrolyte.

5.4 Discussion

The results from the model catalysts prepared by particle deposition from the

Pt90Y10 sputter target proved to be a better candidate for an ORR catalyst in

terms of activity and stability, than the model catalysts prepared from the Pt75Y25

sputter target. The model catalysts prepared from the Pt90Y10 sputter target was

therefore the most extensively studied and the following discussion will only concern

the results from those model catalysts.

The investigated PtxY nanoparticles show a clear enhancement of the ORR ac-

tivity compared to the activity measured from the pure Pt nanoparticles. To the

best of our knowledge, the 9 nm Pt5Y nanoparticles display the highest ORR ac-

tivity ever measured on supported nanoparticles. The reason for the unprecedented

activity is not yet fully understood, but the recent study of the Y/Pt(111) sys-

92



5.5. Conclusion

tem, mentioned in the introduction, suggests that the high activity originates from

a compressively strained Pt overlayer formed by Y dissolution into the electrolyte

from the outermost atomic layers. The observation of a ∼1 nm Pt overlayer on the

Y/Pt(111) system is in good agreement with the observation from the 7 nm Pt4Y

nanoparticulate model catalyst where an increase in the Pt/Y atomic ratio from 4

to 14 was measured by XPS after exposing the catalyst to the ORR environment.

When the catalysts were subjected to the stability test, the activity dropped be-

tween 20 % and 50 % and XPS measurements on a 7 nm Pt4Y catalyst showed a

further increase in Pt/Y atomic ratio to 22. This suggest that the further de-alloying

of the particles is responsible for the observed deactivation. This is not surprising

as the dissolution of Y is only kinetically hindered by the protective Pt overlayer

because of the very negative reduction potential of Y (EY→Y 3+ = -2.372 V) or by

its high oxygen a�nity (∆H = -1.905 kJmol−1). An improved crystallinity of the

particles could potentially improve the stability but we have not been successful in

that respect. Most attempts of annealing the catalysts to obtain a better particle

crystallinity resulted in a decreased ORR activity.

In order to obtain more information about the elemental composition, the crys-

tal structure and the nature of the active site on the PtxY nanoparticles, EXAFS

experiments has been initiated along with a more detailed investigation by scanning

transmission electron microscopy.

5.5 Conclusion

In this chapter, we have established the size dependence of the ORR activity of pure

Pt nanoparticles supported on glassy carbon. The speci�c activity increase with

increasing particle size, and correlates to the fraction of terrace sites. We therefore

conclude that the active sites for ORR on Pt are located on the terraces of Pt

nanoparticles, in good agreement with earlier theoretical predictions. A maximum

in the mass activity has been found for particles with a diameter of ∼3 nm.

For the Pt-Y system, we prepared a model catalyst with mass-selected PtxY

nanoparticles on glassy carbon, where x was ∼5 for the 5 - 9 nm particles and

10 for the 3 nm particles. We observed a clear enhancement of the ORR activity

compared to pure Pt nanoparticles, and to the best of our knowledge, the 9 nm

Pt5Y nanoparticles display the highest ORR activity ever measured on supported

nanoparticles. The origin of the enhanced activity is speculated to be caused by a

compressed Pt overlayer covering a PtxY alloy core.
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Chapter 6

Summary

In this thesis, the structure and reactivity of mass-selected nanoparticles have been

investigated. Important aspects of catalysis, such as structure sensitivity and adsor-

bate induced surface reconstructions have been illustrated through the experimental

investigations of three model systems consisting of mass-selected nanoparticles sup-

ported on planar substrates.

Advances in the understanding of catalysis at the molecular level is driven by the

developments in surface science and theoretical computational methods. The sur-

face science approach is based on investigations of well-de�ned model systems that

mimic the industrial catalyst as closely as possible but also minimise the complex-

ity. Model catalysts consisting of mass-selected nanoparticles supported on planar

oxide or carbon substrates, are well suited for studying the correlation between the

structure an reactivity of nanoparticles. Such model catalysts can be characterised

by surface science techniques and combined with catalytic testing under operating

conditions, in e.g. a high pressure cell, silicon fabricated microreactors or an electro-

chemical setup as demonstrated in this work. These studies contribute to a better

understanding of the factors that govern the activity of nanoparticles and thereby

provide valuable information for designing new and improved catalysts.

Two structure sensitive reactions were investigated with very di�erent active

sites. The active sites for CO dissociation on Ru consist of under-coordinated sites,

whereas the active sites for the electrochemical ORR on Pt are highly-coordinated

sites located on the close-packed facets. It was also shown how the reactivity of Pt

nanoparticles can be modi�ed by alloying with Y, presumably due to a compressively

strained Pt overlayer covering the alloy core. The interplay between theoretical

calculations and experiments have played a crucial role for the understanding of the

Pt-Y system.
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CO dissociation on Ruthenium

Mass-selected Ru nanoparticles were produced by the magnetron sputter gas

aggregation technique and the concentration of active sites for CO dissociation was

probed by isotopic labled CO TPD experiments. The relative number of active sites

was quanti�ed for each particle size and shown to increase for increasing particle

size. The maximum fraction of active sites were measured on 11 nm particles to be

∼25%. The observed size dependence is suggested to be correlated to the increasing

surface roughness for larger particles. The results suggest that a catalyst consisting

of Ru nanoparticles with a similar rough surface structure would be very active

where highly under-coordinated sites are called for, such as CO and N2 dissociation.

Such catalyst would only remain highly active if the under-coordinated sites could

be made stable or annealing can be avoided.

Platinum and Platinum-Yttrium alloys for electrochemical Oxygen Re-

duction Reaction

The ORR activity measured from Pt nanoparticles of various sizes was indeed

found to correlated to the fraction of terrace sites. The speci�c activity was there-

fore found to increase with particles size and a maximum in the mass activity was

found for particles with 3 nm in diameter. The results correlate nicely to theoretical

predictions by DFT calculations, which con�rms that we are starting to build a

more coherent picture of the factors that control the activity of nanoparticles for

the ORR.

Due to the sluggish kinetics of the oxygen reduction reaction a high Pt loading is

required on the cathode on a PEMFC, which is the main obstacle for a vide-spread

commercialisation. In an e�ort to improve the activity of Pt for the ORR, we success-

fully produced mass-selected PtxY nanoparticles which showed an enhanced activity

for the ORR. In fact, to the best of our knowledge, the 9 nm Pt5Y nanoparticles

displayed the highest ORR activity ever measured on a nanoparticulate catalysts.

The origin of the high activity is speculated to be due to the formation of a com-

pressively strained Pt overlayer. This study elucidate the possibilities of tuning the

reactivity of catalysts by alloying and the creation of trained surfaces.

CO induced surface reconstruction of Platinum

Surface reconstructions induced by a high CO pressure were studied on a Pt(111)

model catalyst and on a model catalyst consisting of mass-selected Pt nanoparticles

supported on SiO2. We observed that the presence of CO enhanced the annealing

of defects on the extended Pt(111) surface, whereas the presence of CO induced an

apparent surface roughening of 3 and 6 nm particles. The 11 nm particles showed
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only a minor change in surface structure. We speculate that the coordination depen-

dent adsorption energy of CO on Pt and CO-CO repulsion at high coverages induce

the observed surface reconstructions and that the facet size and the concentration

of under-coordinated surface atoms determines the thermodynamically favourable

structure. The observed surface reconstruction highlights the importance of study-

ing the e�ects of adsorbate induced reconstructions at elevated pressures and the

size dependence of the observed reconstruction display the complexity of this phe-

nomena.
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a b s t r a c t

Scanning tunneling microscopy was used to compare the morphologies of Ru nanoparticles deposited
onto highly-oriented graphite surfaces using two different physical vapour deposition methods; (1)
pre-formed mass-selected Ru nanoparticles with diameters between 2 nm and 15 nm were soft-landed
onto HOPG surfaces using a gas-aggregation source and (2) nanoparticles were formed by e-beam evap-
oration of Ru films onto HOPG. The particles generated by the gas-aggregation source are round in shape
with evidence of facets resolved on the larger particles. Annealing these nanoparticles when they are sup-
ported on unsputtered HOPG resulted in the sintering of smaller nanoparticles, while larger particles
remained immobile. Nanoparticles deposited onto sputtered HOPG surfaces were found to be stable
against sintering when annealed. The size and shape of nanoparticles deposited by e-beam evaporation
depend to a large extent on the state of the graphite support and the temperature. Ru deposition onto
unsputtered HOPG is characterised by bimodal growth with large flat particles formed on the substrate
terraces and smaller diameter particles aligned along the substrate steps. Evaporation onto sputtered
HOPG results in the formation of 2 nm round particles with a narrow size distribution. Finally, thermal
deposition onto both sputtered and unsputtered HOPG at 660 �C results in larger particles showing a flat
Ru(0001) top facet.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

The structure and morphology of transition metal nanoparticles
supported on graphite is of interest to surface scientists and nano-
technologists in a wide range of disciplines. Graphite is a favoured
support in many nanoparticle studies because of the small elec-
tronic interaction between the particles and the support. The nano-
particles can therefore be mechanically supported, enabling
various surface science techniques to be applied, while minimising
the influence of the support on the properties being measured. Of
course, the pre-treatment of the graphite surface and the method
of deposition influence the size, shape and dispersion of the nano-
particles. It is therefore important to characterise how the
morphology of the nanoparticles will appear under different prep-
aration conditions, particularly when different methods are used to
deposit the nanoparticles onto the surface.

In the present study, we have used scanning tunneling micros-
copy (STM) to compare the morphology of ruthenium nanoparti-
cles deposited onto highly-oriented pyrolytic graphite (HOPG)
using different physical vapour deposition (PVD) methods. Our
interest in studying ruthenium is related to its catalytic properties,

since it is used as a catalyst in ammonia [1], methane [2] and
Fischer–Tropsch synthesis [3], as well as a co-catalyst in direct
methanol fuel cells [4]. It has been determined from single crystal
surface studies that the ruthenium step sites figure critically in
these processes due to their role as active sites for the scission of
nitrogen and carbon monoxide molecules, respectively [5–7]. In
nanoparticulate form, the number of such active sites and hence
the total particle activity, will depend on the shape, structure
and size of the ruthenium nanoparticle. For example, models of
unsupported ruthenium nanoparticles predict an optimal particle
diameter in the range of 2–3 nm for ammonia synthesis [8–10].

The morphology and structure of Ru nanoparticles deposited on
HOPG by chemical vapour deposition (CVD) have been previously
studied with STM [11]. In that study, Ru nanoparticles were pre-
pared by thermal decomposition of a Ru3ðCOÞ12 precursor on
HOPG, which had first been etched in atmospheric oxygen to gen-
erate randomly distributed single-layer etch pits. It was found that
the ruthenium growth started from the step or pit edges, initially
forming small round islands with a bimodal size distribution and
at higher coverages developing into large flat layered islands with
an hexagonal or truncated hexagon shape. Steps were resolved
running along six directions on top of the islands, having a height
consistent with the step height measured on a Ru(0001) single
crystal surface. From atomically resolved images on top of the
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islands and on the surrounding HOPG it was determined that the
ruthenium could have two possible epitaxial orientations on the
surface. In both cases, the Ru(0001) plane lies parallel to the
graphite (0001) surface, where one has the same orientation as
the graphite hexagonal lattice and the other is rotated by 30�
around the surface normal.

Here, we have used two different PVD methods to deposit Ru
nanoparticles onto sputtered and unsputtered HOPG surfaces. In
the first method, ruthenium nanoparticles are pre-formed in a
gas-aggregation source and are mass-selected with a quadrupole
mass filter before being deposited onto the HOPG surface. This of-
fers an extremely clean method of preparing monodisperse parti-
cles on the surface. Gas-aggregation sources have been used to
deposit monodisperse nanoparticles of a variety of different metals
onto HOPG [12–27]. The size and shape of the nanoparticles do not
depend significantly on the condition of the graphite surface, since
the particles are formed before arriving at the surface. However,
the kinetic energy of the particles is an important parameter that
can determine whether the particles retain their shape or are com-
pletely restructured upon deposition [28,29]. In the second meth-
od, the nanoparticles are formed at the HOPG surface from a flux
of ruthenium atoms generated by an electron-beam evaporation
source. This method has been used in a number of studies to de-
posit different metals on HOPG surfaces [30–32], where it has been
clearly demonstrated that surface defects play an important role in
determining the size, shape and dispersion of the resulting nano-
particles. To our knowledge there has so far been only one other
study where the properties of mass-selected metal particles were
compared directly with those of thermally deposited particles
[33]. In that case, X-ray photoelectron spectroscopy (XPS) was used
to investigate the properties of mass-selected Ag clusters and sim-
ilarly sized Ag islands grown by thermal evaporation. Dissimilar
electronic properties were observed, which were attributed to
either a difference in the particle shape or a difference in the me-
tal-support interaction.

2. Experimental

The experiments were performed in a multichamber ultrahigh
vacuum (UHV) system (Omicron, Multiscan Lab) with a base pres-
sure in the low 10�11 mbar region. The system is equipped with
facilities for combined in-situ scanning tunneling microscopy
(STM) and scanning electron microscopy (SEM), as well as scanning
Auger microscopy (SAM), ion scattering spectroscopy (ISS), low-
energy electron diffraction (LEED) and temperature programmed
desorption (TPD) measurements. The HOPG substrates (SPI-1,
7 � 7 � 0:5 mm) were cleaved in air and mounted in sample
holders incorporating a pyrolytic boron nitride (PBN) radiative
heater, which is capable of heating the sample to temperatures
in excess of 700 �C. A W – 5 at.% Re/W – 26 at.% Re thermocouple
was placed in contact with the front side of each substrate in order
to monitor and control the sample temperature via a PID controller
(Eurotherm 2408). Upon insertion into UHV, the samples were out-
gassed for several hours at 660 �C to outgas adsorbed contaminants
prior to use. The two different PVD methods mentioned above
were then used to prepare ruthenium nanoparticles on the surface.

2.1. Gas-aggregation source

In the first method, pre-formed mass-selected Ru particles were
deposited onto the substrates from a magnetron-sputter gas-
aggregation source fitted with a quadrupole mass filter (Mantis
Deposition Ltd., Nanogen 50). A schematic illustration of the depo-
sition layout of the gas-aggregation source is shown in Fig. 1a. The
particles are formed by gas-phase condensation from a flux of Ru

atoms that are sputtered from a 99.99% pure Ru target by a direct
current magnetron sputter source (Q). The magnetron is housed in
a liquid nitrogen cooled enclosure (P) with a small aperture (3 mm
dia.) at one end. Argon gas is flown into the volume (or gas-aggre-
gation zone) around the magnetron at a rate of 10–120 sccm and is
pumped away via the aperture so that a local pressure of 0.1–
1 mbar is obtained inside the gas-aggregation zone during opera-
tion. The argon gas serves the dual purpose of providing the plasma
that sputters the target, and thermalising the sputtered Ru atoms
so that they condense into clusters. The size of the nanoparticles
that grow from these clusters is determined by a number of factors
such as sputter power (typically 20–40 W), rate of gas flow, dis-
tance between the target and the exit aperture and the diameter
of the exit aperture. The latter parameters control the residence
time of the clusters inside the gas-aggregation zone. This is illus-
trated in Fig. 1b where the mean particle size exiting the source de-
creases as the Ar flow into the aggregation zone is increased.1

Nanoparticles with diameters in the approximate range of 2–
15 nm are routinely produced using the source, though it is possible
to produce smaller particles by introducing helium gas into the
aggregation zone to improve the condensation rate. Extreme care
is taken to ensure that the aggregation zone is free from impurities
that might affect the particle formation. The source is baked for at
least 24 h at 150 �C prior to use, which results in a base pressure

Fig. 1. (a) Schematic illustration of deposition layout using gas-aggregation source
with (G) substrate located in preparation chamber, (H) pumping to preparation
chamber via 260 l/s turbo pump and 400 l/s ion pump, (I) gate valve, (J) Einzel
lenses, (K) grid, (L) quartz crystal balance, (M) quadrupole mass filter, (N) pumping
to quadrupole chamber via 230 l/s turbo pump, (O) skimmer, (P) cooling shroud, (Q)
magnetron-sputter source, (R) pumping to gas-aggregation chamber via 450 l/s
turbo pump. (b) Cluster current as a function of DMF , the particle size transmitted by
the quadrupole mass filter, for different Ar flows into the gas-aggregation source.
All other parameters such a sputter power, aggregation length, etc., have been kept
constant.

1 The particle size DMF , indicated on the x-axis of the plot corresponds to the mass
transmitted by the quadrupole filter and is based on the assumption that the
nanoparticles are spherical and have the density of bulk ruthenium.
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in the mid 10�10 mbar region. Also, the Ar and He gases used are N 60
pure and are further scrubbed of trace impurities by passing them
through an activated iron catalyst before entering the source. From
the aggregation zone, the nanoparticles are carried by the stream
of gas pumped through the exit aperture, producing a nanoparticle
beam that is further refined by a skimmer (O) placed in front of
the exit aperture. The nanoparticle beam is then passed through a
quadrupole mass filter (M) where the particles can be filtered
according to their mass-to-charge ratio. This is made possible be-
cause a significant fraction of the clusters formed by the magne-
tron-sputter process are ionised [34]. A mass-resolution of the
order of 2% is possible with this filter. However, the throughput of
nanoparticles through the filter under these conditions is very low.
Consequently, a lower mass-resolution of approximately 18% (corre-
sponding to a resolution in the particle diameter of 6%) was adopted
in order to increase the throughput so that a reasonable deposition
rate was obtained.2 The beam current of ionised mass-selected par-
ticles exiting the source can be measured by a biased grid (K), which
can be moved into and out of the beam path, while a quartz crystal
balance (L) can be used to measure the total flux (both ionised and
neutral particles). After exiting the quadrupole mass filter the nano-
particle beam passes through three Einzel lenses (J) that are used to
focus the beam through the constriction between the source and the
preparation chamber where the substrate (G) is located. These
home-built lenses comprise three stainless steel rings, which can
be separately biased with up to þ500 V. The dimensions and layout
of the lenses were optimised using a commercial ion optics simula-
tion package [35]. The substrate is placed at a small positive bias
(� 36 V) so that negatively charged particles are soft-landed onto
the surface with kinetic energies of 6 0:1 eV=atom. Moreover, the
substrate can be shifted slightly off-axis of the beam in order to
avoid deposition of neutral particles, though our measurements indi-
cate that this is not necessary since the number of neutrals entering
the preparation chamber is negligible. Further details on the con-
struction and principles of operation of this type of source can be
found elsewhere [34,36,37].

2.2. E-beam evaporation

Ru nanoparticles were also prepared on HOPG by electron-
beam evaporation of a 99.99% purity Ru rod. In this case, a
home-built evaporator was used to deposit films onto HOPG sub-
strates both at room and at elevated temperatures. The substrates
were either unsputtered or sputtered for 30 s with 500 eVArþ ions
at a current density of � 0:1 lA=cm2 and outgassed at 660 �C. The
substrate was grounded while the Ru rod was held at a positive
bias of 500 V. It is therefore important to note that some surface
defects may have been formed on the HOPG by accelerated positive
Ru ions coming from the electron-beam evaporator. A quartz crys-
tal balance was used to monitor the deposition rate (typically
0.46–0.9 Å/min) and estimate the final film thickness.

2.3. Characterisation by STM

STM was performed at room temperature in constant current
mode, using electrochemically etched (5 M NaOH, 6 V DC) W tips
without any in-vacuum treatments other than applying a series
of voltage pulses (typically 4–9 V for 10–100 ms) or scanning for
several lines with increased bias (U � 2 V) in order to condition
the tip. The typical tunnel parameters used to image the particles
in this study were U ¼ 10—600 mV for the gap bias and
I ¼ 100—800 pA for the tunnel current. In order to minimise tip

interaction with the surface through slow feedback response, slow
scan speeds were adopted with a typical line scan frequency of
about 0.5–1 Hz.

When imaging nanoparticles with diameters that are compara-
ble with the radius of curvature of the STM tip, the imaged particle
diameter is dilated due to tip convolution effects [38]. In the pres-
ent case, the etching procedure used to produce the tips is ex-
pected to result in a tip radius on the order of � 8 nm [39].
Consequently, we expect that for particle diameters below 8 nm
the STM images of the particles will emphasise the lateral shape
of the STM tip. Some considerations must also be taken into ac-
count when measuring the height of the particles. Differences in
the apparent tunnel barrier height measured on the particle and
on the surrounding substrate – due to differences in the local
workfunction – can result in the measured particle height differing
from the actual particle height [38]. Moreover, when the tip-parti-
cle separation becomes large compared to the particle diameter
alternative tunnel paths to the substrate become available and
the measured particle height will vary with the tunnel gap. This
has been demonstrated for Au nanoparticles supported on HOPG,
which decreased in height by as much as 15% when the gap bias
was increased from 0.5 V to 3.5 V at a constant tunnel current
[40]. To investigate the dependence of the measured particle
height upon the tunnel parameters, we have measured the varia-
tion in the apparent height of a single Ru nanoparticle using the
typical tunnel parameters described above. A variation of
� 0:2 nm in the height of the nanoparticle shown in Fig. 2 was
found when the gap bias was increased from 10 mV to 600 mV at
a tunnel current of I ¼ 800 pA. Assuming that the actual height of
the particle was close to 1.9 nm this error is comparable to the
experimental error set by the scanner calibration (610%).

Image analysis was performed using the scanning probe image
processor, SPIP (Image Metrology Ltd.). Typically, STM images were
selected that required minimal filtering other than the application
of a third order polynomial plane correction, before performing a
grain analysis to determine the mean particle height, diameter,
standard deviation, etc. Care was taken to ensure that the selected
image did not include any obvious defects such as substrate steps,
which could distort the height distribution obtained from the
nanoparticles. For low particle coverages the grain analysis was
performed using the threshold method, while for higher coverages
where particles were deposited in close proximity to one another,
the watershed method was used. The particle diameter obtained
from the grain analysis refers to the diameter of a circle with an
area or perimeter equivalent to that of the imaged particle. As will
be seen, this representation works well in the case of nanoparticles
produced by the gas-aggregation source, but is more nominal in
the case of the thermally evaporated nanoparticles, which do not
always have a round shape. The data presented here for each par-
ticle size represent mean values and standard deviations obtained
from a statistical sample taken from several STM images, each con-
taining a large number of nanoparticles (i.e. several tens or hun-
dreds). This averages out the influence of the STM tip, which is
prone to change in shape and local electronic structure during
scanning, on the particle height and diameter distributions.

3. Results

3.1. Mass-selected Ru nanoparticles

Fig. 3 shows a series of images of different sized Ru nanoparti-
cles, which were deposited onto unsputtered HOPG, and exposed
to different anneal temperatures. Depositions were carried out so
that between 10% and 40% of the surface was covered by nanopar-
ticles. When particles were deposited onto the unsputtered HOPG

2 The diameter resolution is smaller compared to the mass-resolution since the
particle mass is proportional to the cube of the particle diameter.
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surface it was found that they were easily displaced by the STM tip
during scanning. This behaviour was observed for the full range of
particle sizes investigated using the gas-aggregation source. An
example of this behaviour is shown in Fig. 3a, where several
3.2 nm particles have been displaced by the tip, resulting in streaks
appearing at several points in the image. It is interesting to note
that the particles are not simply displaced along the scan direction
(x-axis), though short jumps along this direction were sometimes
observed, but rather follow paths that suggest some influence of
the underlying support. It was found that if the gap voltage was
increased slightly during a scan, the particles appeared to be

removed from the substrate terraces and pushed towards the
substrate steps. At higher bias voltages, e.g. 2 V, only the support
surface was imaged as all the particles were completely removed
from the scan area. Tip-induced diffusion has been previously
reported for noble metal clusters deposited onto unsputtered
HOPG [13] and can be related to the weak interaction between
the particles and the van der Waals surface.

In light of this weak interaction between the support and the
nanoparticles, it was anticipated that nanoparticles deposited onto
unsputtered HOPG would not be stable against sintering when
exposed to elevated temperatures. In fact, this was found to be

Fig. 2. (a) 15 nm � 15 nm STM image of a ruthenium nanoparticle supported on unsputtered HOPG taken with U ¼ 100 mV and I ¼ 800 pA. Note, the colour scale has been
equalised to enhance contrast. (b) Line-profiles taken across the direction marked by the white line in (a) comparing the apparent height h of the particle measured when
U ¼ 10 mV and when U ¼ 100 mV. (c) Plot of the apparent particle height measured for different gap bias values at constant I ¼ 800 pA. The error in the measured particle
height is estimated to be �0:05 nm. The dashed line is provided as a guide to the eye.

Fig. 3. STM images of three different sizes of Ru nanoparticles as-deposited at room temperature (RT) onto unsputtered HOPG and after heating to 500 �C and 700 �C. The
particle diameters are (a–c) 3.2 nm, (d–f) 5.5 nm, and (g–i) 7.8 nm.
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the case for the 3.2 nm nanoparticles shown in Fig. 3a, which did
indeed sinter when annealed for a short time at 500 �C, as shown
in Fig. 3b. When first deposited, the nanoparticles are initially ran-
domly distributed across the surface. However, upon annealing
they sinter on the substrate terraces and decorate the substrate
steps. As a consequence, the measured mean diameter of the
particles increases from 6:8 � 1:5 nm in Fig. 3a to 8:4 � 2:8 nm
in Fig. 3b. The mean diameter increases further still to 9:7 �
4:4 nm when the surface is heated to 700 �C, as shown in Fig. 3c.
However, even when heated to this temperature the measured
mean height (4:1 � 0:8 nm) of the particles does not change sig-
nificantly, indicating that while the particles aggregate together
on the terraces or at steps, they do not coalesce into larger parti-
cles.3 The sintering effect is less pronounced or not present at all
for larger particles, with the 5.5 nm nanoparticles shown in
Fig. 3d–f displaying some limited mobility in the form of increased
step decoration at higher temperatures, while the 7.8 nm nanoparti-
cles shown in Fig. 3g–i did not appear to be mobile at all at these
temperatures.

Fig. 4 shows plots of the measured mean diameter and height of
different sized nanoparticles, which were deposited onto unsput-
tered HOPG. Each point in the graph represents a mean value
determined from a statistical analysis of several STM images each
containing a large sample of nanoparticles (several tens or hun-
dreds). The error accompanying each value corresponds to the
standard deviation derived from a Gaussian fit to the statistical
sample and provides some measure of the size resolution obtained.
The particle size DMF indicated on the x-axis of each plot corre-
sponds to the mass selected with the quadrupole filter and is based
on the assumption that the nanoparticles are spherical and have
the density of bulk ruthenium.4 The mean values measured for
the particle diameter, shown in Fig. 4a, are always larger than the
values measured for the particle height, which are shown in
Fig. 4b. This can be attributed to the overestimation of the lateral
dimensions of the nanoparticles due to tip convolution effects. The
mean height value therefore represents a more reliable measure of
the actual nanoparticle size.

What is immediately apparent from Fig. 4 is that while the mea-
sured diameter and height of the particles increase as DMF is in-
creased, they do not follow a 1:1 correspondence as indicated by

the dashed line in each plot. This is particularly apparent for the
larger particle sizes investigated, i.e. above a DMF of around 4 nm.
There are several possible explanations for this; (1) the quadrupole
mass filter simply does not operate as expected for these particle
sizes. (2) The nanoparticles may already be sintered upon deposi-
tion at room temperature. This can probably be excluded since
the same behaviour is observed when the nanoparticles are depos-
ited onto highly sputtered HOPG surfaces. In that case the particles
are immediately pinned to defects upon deposition and can not
sinter at room temperature. (3) The size distributions are domi-
nated by larger nanoparticles that were allowed through the quad-
rupole mass filter because they carried multiple charges. For
example, in order to fit the data shown in Fig. 4b the nanoparticles
would require at least two charges for DMF ¼ 3:2 nm and five
charges for DMF ¼ 9 nm.5 (4) It is possible that the nanoparticles
are not completely homogeneous since they are probably formed
from smaller clusters inside the aggregation source. If voids or
grain boundaries are present inside the nanoparticles, this could
give them a larger diameter for a selected mass. While it is as yet
unclear why this deviation occurs, it is still possible to use the
information in Fig. 4 to calibrate the output of the aggregation
source, if we assume that the particles are approximately round
and retain their shape when soft-landed onto the surface.

As mentioned earlier, the size of the errors in Fig. 4 provide a
measure of the size resolution obtained after deposition. Generally,
the measured heights shown in Fig. 4b display a smaller error than
that obtained for the diameter measurements shown in Fig. 4a. For
example, the standard deviation measured for the particle height is
on average around 15%, while the standard deviation measured for
the particle diameter is on average around 21%. It is clear that these
errors are significantly larger than the diameter resolution of 6%
determined by the quadrupole mass filter settings. However, it
should be noted that the latter value applies to an idealised case
where the nanoparticles are perfectly spherical and homogeneous.
From the STM images it appears that the nanoparticles are round,
but the true shape is not completely resolved due to tip convolu-
tion. Therefore some real spread in the size distribution of the par-
ticles can be anticipated. This could be due to either the random
orientation of the particles on the surface, the deposition of differ-
ent polymorphs with the same mass, or deposition of different
multiply charged particles. Moreover, some additional spread in
the measured size distributions can be expected due to measure-

Fig. 4. Plots of (a) the measured mean particle diameter and (b) the measured mean height of Ru nanoparticles supported on unsputtered HOPG versus the particle diameter
DMF selected using the quadrupole mass filter for a range of sizes. The dashed line in both plots indicates where a 1:1 correspondence between the measured values and the
expected diameter would lie.

3 By this we mean that the nanoparticles form an aggregate where individual
nanoparticles are bound together but can still be distinguished from one another by
STM, and have not completely melted together, i.e. coalesced, to form a single larger
particle of well-defined shape.

4 The size of the mass-selected nanoparticles mentioned in the text refers to their
DMF unless stated otherwise.

5 Since the quadrupole filters according to m/e, for a doubly charged particle to be
filtered the mass of the particle must also double. The diameter of this particle is
therefore
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ment errors. For example, the height distribution is sensitive to the
plane correction applied to the image before grain analysis is per-
formed, while the diameter measurement can be influenced by
smearing of the particle image due to non-ideal feedback response.

Fig. 4 also compares the effect of annealing the nanoparticles on
their measured diameter and height. In some cases, the nanoparti-
cles were exposed to temperatures of 500 �C and 700 �C after depo-
sition. As mentioned earlier, the 3.2 nm particles were observed to
sinter when annealed to these temperatures. However, while this
lead to an increase in the mean diameter (not shown in Fig. 4a),
the particle height did not change significantly (shown in
Fig. 4b). For the remaining sizes investigated, annealing did not
appear to result in a substantial change in the particle height or
diameter, indicating that sintering did not occur.

In addition to investigating the morphology of mass-selected
nanoparticles deposited onto unsputtered HOPG, we have also
examined nanoparticles deposited onto sputtered HOPG surfaces.
In order to ensure that the particles remained immobile while per-
forming STM, the HOPG substrates were also sputtered with
500 eV Arþ ions for 15 min with a current density of � 0:1 lA=cm2

to generate a high density of surface defects. This is followed by
annealing for 15 min at 660 �C to degas the surface of implanted
argon. This procedure produces a highly defective layer on the

substrate surface, as shown in Fig. 5a. The root-mean-square rough-
ness measured on a flat area of this surface is around 0.2 nm. The
typical morphology of the mass-selected nanoparticles deposited
onto the sputtered surface is displayed in Fig. 5b–g for different par-
ticle sizes both as-deposited at room temperature and after anneal-
ing to 500 �C. As with the depositions on the unsputtered surface,
the depositions on the sputtered surface were carried out so that
usually between 10% and 40% of the substrate surface was covered
by nanoparticles. The particles are randomly distributed across
the surface, with little evidence of sintering other than those in-
stances where particles have been deposited on top of one another.

Fig. 6 shows plots of the measured mean diameter and height of
different size particles deposited onto sputtered HOPG. As before,
each point on the plot represents the mean value and standard
deviation determined from a size distribution obtained from
several STM images containing several tens or hundreds of
nanoparticles. Again, the measured diameters of the particles are
consistently larger than the measured heights because they are
overestimated due to tip convolution effects. A good 1:1 corre-
spondence is obtained between the measured mean height values
and the diameter DMF for particles with diameters up to 4 nm,
suggesting that these small particles retain a very round shape
when supported on the HOPG surface. For particles larger than

Fig. 5. (a) 156 � 156 nm STM image of the HOPG surface after sputtering with 500 eV Arþ ions for 15 min with a current density of � 0:1 lA=cm2. The surface was post-
annealed for 15 min at 660 �C to degas the surface of implanted argon. (b–g) STM images showing ruthenium nanoparticles of three different sizes as-deposited at room
temperature (RT) on sputtered HOPG and after heating to 500 �C.

Fig. 6. Plots of (a) the measured mean particle diameter and (b) the measured mean height of Ru nanoparticles supported on sputtered HOPG versus the particle diameter
DMF selected by the quadrupole mass filter for a range of sizes. The HOPG surface was sputtered for 15 min with 500 eV Arþ ions before deposition. The dashed line in both
plots indicates where a 1:1 correspondence between the measured values and DMF would lie.
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4 nm the measured height deviates from a 1:1 correspondence
with DMF . Annealing the nanoparticles to 500 �C did not result in
any substantial change in the measured nanoparticle height or
diameter, indicating that the size and shape of the particles is sta-
ble below this temperature.

The shape of individual supported particles of different sizes
were resolved by STM and are shown in Fig. 7. Particles smaller
than about 8 nm appear rounded in the STM images and no prefer-
ential facets are observed. Since the diameter of these particles is
smaller than the radius of the STM tip, the particle image is con-
volved with an image of the tip and it is therefore difficult to ex-
tract information about the particle shape. However, it can at
least be inferred that the particles do not possess a large and flat
top facet as it would be possible to image this with STM. In con-
trast, it is possible to resolve facets on the larger particles, which
appear hexagonal in shape and in some cases display evidence of
a flat top facet, as shown in Fig. 7c.

3.2. E-beam deposited Ru nanoparticles

Fig. 8a–d shows a series of STM images of e-beam evaporated
Ru films of increasing coverage, which were deposited at room

temperature onto unsputtered HOPG. The films are characterised
by bimodal growth with large Ru particles formed on the HOPG
terraces, while smaller particles decorate the upper and lower
edges of the substrate steps. Fig. 8e and f summarises the mean
diameter and height measured for particles located on terraces
and at substrate steps. While a large difference in diameter is ob-
served between particles on the terrace (5:5 � 1:7 nm) and parti-
cles at the steps (4:0 � 1:0 nm),6 the heights of the particles at
both sites are generally the same (1:5 � 0:4 nm). The resolution
obtained in the particle diameter in this case is of the order of
±25–30%. The bimodal growth seen in Fig. 8a–d has previously
been observed for a number of metals deposited onto unsputtered
HOPG [30–32,41]. Metal adatoms deposited onto the HOPG surface
possess a high mobility as they only weakly interact with the van
der Waals surface. Surface defects like steps provide nucleation
centers and limit adatom mobility, resulting in a higher density
of smaller particles compared to those formed on the substrate ter-
races. It is interesting to note that even for the highest coverage

Fig. 7. STM images of individual mass-selected Ru nanoparticles. (a) DMF ¼ 3:6 nm, (b) DMF ¼ 5 nm and (c) DMF ¼ 8 nm.

Fig. 8. 100 nm � 100 nm STM images of Ru films of (a) 0.25 Å, (b) 0.5 Å, (c) 1 Å, and (d) 2 Å nominal thickness deposited onto unsputtered HOPG at room temperature. Values
for the mean diameter and mean height of particles located on terraces (squares) and at steps (circles) are plotted with their standard deviation in (e) and (f), respectively. The
linear fits to the data in (e) highlight the behaviour of the particle diameter measured on the terraces and at the steps as a function of increasing film thickness. Average values
for the particle diameter and height are given in brackets in both (e) and (f).

6 The mean particle diameter at both sites increases continuously with increasing
film thickness. However, the values given in brackets correspond to average values
and errors determined from the data presented in Fig. 8e.
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shown in Fig. 8d the particles decorating the steps do not appear to
coalesce. This suggests the presence of a barrier to coalescence,
which could be due to either strain effects – as reported for Fe/
W(110) submonolayer growth [42] – or antiphase boundaries be-
tween the two possible epitaxial orientations of Ru on HOPG [11].
Annealing the films to 400 �C resulted in better crystallisation of
the nanoparticles, as shown in Fig. 9 for the case of a 2 Å Ru film.
In this case, the percentage of the surface covered by ruthenium
decreases from about 80% in Fig. 9a for the as-deposited film, to
about 60% in Fig. 9b for the annealed film, while the measured
mean height of the particles increases by 10–20%. The particles
in Fig. 9b are flat and have in some cases an hexagonal shape, indi-
cating that the Ru(0001) facet is presented. Moreover, the edges of
the particles appear in many cases to share a common orientation,
suggesting a common epitaxial relationship with the substrate, as
has previously been observed by Song et al. for CVD grown Ru films
on HOPG [11].

Fig. 10a–d shows a series of STM images and their correspond-
ing particle size distributions for Ru films evaporated onto HOPG
that had been sputtered for 30 s with 500 eV Arþ ions. The surface

defects limit the mobility of the Ru adatoms and substantially in-
creases the number of available nucleation centres. As a result,
far higher densities of smaller nanoparticles are obtained at com-
parable film thicknesses to those presented in Fig. 8. For example,
a particle density of the order of 6:3 � 103 lm�2 is determined
from Fig. 8a, which shows a 0.25 Å film deposited on unsputtered
HOPG, while a particle density of around 7:4 � 104 lm�2 is ob-
tained from Fig. 10a, which shows a comparable film thickness
deposited onto a sputtered HOPG surface. There is also less evi-
dence of preferential decoration of the substrate steps on the sput-
tered surface. The particles appear round in the STM and have an
average diameter of 2:3 � 0:5 nm, which is much smaller than
that of the particles deposited on unsputtered HOPG, while the
average height (1:3 � 0:3 nm) is similar. The resolution in the par-
ticle diameter is of the order of �20%, which is better than that ob-
tained by deposition on the unsputtered surface.

Annealing the films to 430 �C results in their agglomeration into
larger particles as illustrated in Fig. 11. Comparison of the mean
particle diameter and height of the as-deposited and annealed
films, shown in Fig. 11e and f, respectively, reveals that there is a
clear increase in both the diameter and height of the particles
when the films are annealed. This behaviour is different from that
observed when pre-formed nanoparticles were deposited on the
HOPG surface. In that case, there was some sintering for small par-
ticles deposited on unsputtered HOPG, but otherwise the particle
size and shape generally appeared to be stable at temperatures
up to at least 500 �C. There could be several possible reasons for
this difference: (1) the pre-formed particles are closer to thermo-
dynamic equilibrium than particles that are thermally deposited
onto HOPG at room temperature. (2) The thermally deposited par-
ticles are formed at the surface, possibly in the presence of loose
carbon generated by the surface sputtering pre-treatment. Should
any loose carbon be incorporated into the particles during the
growth phase, it might have some surfactant effect on the particles

Fig. 10. 50 nm � 50 nm STM images of Ru films of (a) 0.25 Å, (b) 0.5 Å, (c) 1 Å, and (d) 2 Ånominal thickness deposited onto HOPG that has been sputtered for 30 s with
500 eV Arþ ions. Values for the mean diameter and mean height of the particles are plotted with their standard deviation in (e) and (f), respectively. The average values
determined for the particle diameter and height are given in brackets. The dashed lines are linear fits to the data and are supplied as a guide to the eye.

Fig. 9. 150 nm � 150 nm STM images of a 2 Å Ru film on unsputtered HOPG (a) as-
deposited at room temperature, and (b) after annealing for 30 min at 400 �C in UHV.
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during annealing. In the case of particles produced by the gas-
aggregation source, the particles are pre-formed before landing
on the surface and would be less likely to interact with any loose
carbon. (3) Since the thermal deposition process sprays the surface
with a flux of ruthenium atoms, this could result in a high density
of very small clusters nucleating at defect sites on the exposed sub-
strate between the larger particles. These clusters could then be
consumed by the larger particles during annealing in an Ostwald
ripening process. It should be noted that while these clusters were
not observed in films deposited onto unsputtered HOPG, they
could be present on a sputtered surface with a high density of
defects. It would also not necessarily be easy to distinguish these
very small clusters from the background roughness of the surface
with STM.

The effects of elevated temperature deposition were also
investigated. Fig. 12 compares STM images of the same nominal
thickness of Ru deposited onto unsputtered and sputtered HOPG
surfaces held at 660 �C. Similar to the deposition at room
temperature, deposition on the unsputtered surface at elevated

temperatures results in bimodal growth with randomly distributed
particles on the substrate terraces and chains of particles decorat-
ing the substrate steps. The particles nucleated on the terraces
have an hexagonal or truncated triangular shape and are approxi-
mately 9:4 � 2:2 nm wide and 3:5 � 0:9 nm high. The particles
decorating the substrate steps are elongated along the step edges,
but otherwise display similarly oriented edges to those of the par-
ticles on the terraces, which reflects the common epitaxial rela-
tionship of both types of Ru particles with the substrate. The
lateral size of these particles is of the order of 9:6 � 2:2 nm, while
the height is around 4:5 � 0:4 nm. The overall morphology is very
similar to that obtained for CVD grown Ru nanoparticles on HOPG
after oxidation and reduction treatments at high temperatures
[11]. In the case of deposition onto the sputtered surface, the mor-
phology is characterised by an almost random distribution of hex-
agonal particles, though some decoration of the substrate steps is
observed. The diameter of these particles is of the order of
4:2 � 1:3 nm and the average height is around 1:5 � 0:7 nm. As
was found for deposition at room temperature, a higher particle
density is obtained by deposition onto sputtered HOPG compared
to unsputtered surfaces at comparable film thicknesses. For
example, the particle density obtained from Fig. 12a is around
6:2 � 103 lm�2 for a 2 Å film deposited onto unsputtered HOPG,
compared with a particle density of approximately 2:1 �
104 lm�2 in Fig. 12b for a film of comparable thickness deposited
on the sputtered surface.

4. Discussion

Our STM investigation clearly demonstrates that very different
nanoparticle morphologies can be obtained depending on the
preparation method used. This has important implications for
structure-sensitive catalytic reactions such as methanation and
ammonia synthesis [5–7]. For example, Song et al. [11] have shown

Fig. 11. 50 nm � 50 nm STM images of Ru films of (a) 0.25 Å, (b) 0.5 Å, (c) 1 Å, and (d) 2 Å nominal thickness deposited onto HOPG that has been sputtered for 30 s with
500 eV Arþ ions and annealed to 430 �C. Values for the mean diameter and mean height of the particles are plotted (triangles) with their standard deviation in (e) and (f),
respectively, and are compared against the values plotted for the as-deposited films (squares). The dashed lines are linear fits to the data and are supplied as a guide to the
eye.

Fig. 12. 100 nm � 100 nm STM images of (a) a 2 ÅRu film deposited onto
unsputtered HOPG at 660 �C and (b) a 2 ÅRu film deposited onto sputtered (30 s
with 500 eV Arþ ions) HOPG at 660 �C.
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for CVD grown Ru nanoparticles on HOPG that the particle shape
has a significant impact on the desorption temperature of dissocia-
tively adsorbed nitrogen. Their results have shown that large flat
particles tend to exhibit a much lower desorption temperature
ð� 500 KÞ than small round particles in the size range of
3.5–6.5 nm ð� 650 K), consistent with the lower desorption
temperature of dissociated nitrogen from close-packed Ru(0001)
compared to the more open Ruð10 �10Þ and Ruð11 �21Þ surfaces
[43–45]. On the other hand, round nanoparticles in the size range
of 2–3 nm are expected to have the optimal proportion of active
edge or corner sites compared to total particle surface area, imply-
ing that these will be most efficient at dissociating N2 [8–10].

The influence of the different morphologies described above on
the catalytic activity of Ru/HOPG is beyond the scope of the present
study, but is currently under investigation and will be discussed in
a future publication. However, it is clear that the two deposition
methods described above offer the possibility to prepare both
round and flat nanoparticles in the size range of interest. Of the
two methods, the gas-aggregation source in particular provides a
well-controlled method of obtaining round particles in the size
range of 2–15 nm with a narrow size distribution. In principle, this
range can be extended to smaller sizes by using helium as a cooling
gas in the aggregation zone.

One issue of particular importance from a catalyst perspective is
whether or not the nanoparticles can be stabilised against sinter-
ing. For example, narrow size distributions of round particles in
the size range of interest can be obtained by thermal evaporation
onto sputtered HOPG. However, as demonstrated in Fig. 11, these
particles are not stable against sintering when heated to 430 �C.
In comparison, nanoparticles deposited from the gas-aggregation
source were found to be stable against sintering at temperatures
up to 500 �C when deposited onto sputtered HOPG. It should be
noted that sputtering the surface may not be the best route to
immobilise the nanoparticles, since it is possible that loose carbon
generated by the sputtering process could poison nanoparticle
activity by blocking active sites. Moreover, the degree of graphiti-
zation of the support has previously been shown to be important as
catalyst activity is affected over time by methanation of the sup-
port (see Ref. [46] and references therein). Alternative routes to
immobilising the nanoparticles require investigation, such as oxi-
dising the graphite surface after sputtering to remove loose carbon
prior to deposition and depositing particles from the gas-aggrega-
tion source with higher kinetic energies so that they are self-pin-
ning. The latter method in particular has been demonstrated to
be a very effective method of immobilising mass-selected nanopar-
ticles on HOPG surfaces [13,16,17,20,22].

5. Conclusions

We have used STM to compare the morphologies of ruthenium
nanoparticles deposited on HOPG using a gas-aggregation source
versus thermal deposition. Our findings can be summarised as
follows:

� The particles generated by the gas-aggregation source appear to
be round in shape over the size range investigated. Particles lar-
ger than 8 nm display evidence of well-defined facets, while it
was impossible to resolve facets on smaller particles due to tip
convolution effects.

� With the exception of small nanoparticles supported on unsput-
tered HOPG, the nanoparticles were generally found to be stable
against sintering at temperatures below 500 �C.

� The size and shape of the thermally deposited nanoparticles
depended to a large extent on the condition of the graphite sup-
port. Deposition on unsputtered HOPG is characterised by bimo-

dal growth with large flat particles formed on the substrate
terraces and smaller diameter particles aligned along the sub-
strate steps.

� Deposition on sputtered HOPG results in the formation of 2 nm
round particles with a narrow size distribution. However,
annealing these particles to 430 �C causes them to agglomerate
into larger particles.

� Deposition on both unsputtered and sputtered HOPG at 660 �C
results in broader distributions of larger particles. The particles
are faceted and share a common orientation with respect to
the substrate, indicating that an epitaxial relationship exists
between the particles and the substrate.
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Abstract We have investigated the morphology of

mass selected ruthenium nanoparticles produced with

a magnetron-sputter gas-aggregation source. The

nanoparticles are mass selected using a quadrupole

mass filter, resulting in narrow size distributions and

average diameters between 2 and 15 nm. The parti-

cles are imaged in situ by scanning electron micros-

copy and scanning tunneling microscopy (STM) as

well as ex-situ using transmission electron micros-

copy (TEM). For each distribution of mass selected

nanoparticles, the height determined by STM and the

width determined by TEM are seen to be similar

throughout the mass range investigated. The particles

are found to have a well-defined morphology for

diameters below approximately 6 nm. Larger nano-

particles are less well-defined having rough surfaces,

unlike the equilibrium morphology determined from

the Wulff construction. The morphology of the

particles is, in general, believed to be determined

by the conditions inside the gas-aggregation source

and the morphology is retained as the particles are

soft-landed on the substrate.

Keywords HOPG � Magnetron-sputter

gas-aggregation source � Mass selected

nanoparticles � Nanoparticle morphology �
Scanning tunneling microscopy � Synthesis and

characterization � Transmission electron microscopy �
Ruthenium

Introduction

Heterogeneous catalysts typically comprise the cata-

lyst material distributed as nanoparticles on a high

surface area support. This is a matter of twin

considerations; first, the catalyst material is often

costly and so the most efficient loading is sought and

second, the nanosized particles often display superior

catalytic behavior compared to the bulk material.

A range of intriguing examples exist where the

catalytic properties depend strongly on morphologi-

cal parameters such as the shape and the size of the

nanoparticles. This includes, e.g., studies of gold

nanoparticles for CO oxidation by O2 (Haruta et al.

1989; Sanchez et al. 1999; Valden et al. 1998;

Zanella et al. 2004; Janssens et al. 2007; Kung et al.

2007) and CO electrooxidation on gold clusters

(Geng and LuG 2007) where strong size dependen-

cies are observed. Several other transition metal

nanoparticle systems have been investigated, focus-

ing, e.g., on the size dependence of CO related

surface reactivity on Rh (Frank and Bäumer 2000),
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Pd (Wörz et al. 2003), Pt (Croy et al. 2007), Ni

(Andersson et al. 2008), and Co nanoparticles (den

Breejen et al. 2009). Also, the effect of shape of the

nanoparticles has been under investigation, e.g., the

methanol activity of supported Cu nanoparticles

(Grunwaldt et al. 2000, Hansen et al. 2002) or the

electro-oxidation activity from Pt nanocrystals (Tian

et al. 2007).

In general, the catalytic activity of a surface is

determined by the electronic structure of the surface

atoms, and this is influenced by the local atomic

structure. Changes in the number of neighbors or in

the interatomic distance will, e.g., give rise to a

change in the electronic structure. This is described in

the d-band model (Hammer and Norskov 2000). The

geometry of the surface site may also influence the

catalytic activity by affecting the ability of the site to

accommodate molecules or molecular fragments in

an energetically favorable way (Dahl et al. 1999). As

the size of a catalytic particle is changed, the

availability of surface geometries changes, and the

reaction rate of structure sensitive catalytic reactions

can hence be strongly dependent on the size of the

particles, both in the non-scalable (\*2 nm) and

scalable ([*2 nm) regimes (Jacobsen et al. 2000;

Silvestre-Albero et al. 2006; Landman et al. 2007;

Andersson et al. 2008; Nørskov et al. 2008). For the

purpose of studying these size effects using surface

science techniques, a good representation is obtained

by preparing an ensemble of monodisperse nanopar-

ticles supported on a flat, crystallographically ori-

ented, and well-defined substrate. Such model

systems can give new insight into how the catalytic

activity is influenced by the particle size and shape as

well as by the support material.

Our goal is to establish a correlation between

structure and activity in nanoparticulate catalysts. In

this article, we study the morphology of a model

catalyst comprising an ensemble of monodisperse

ruthenium nanoparticles deposited onto a highly

ordered pyrolytic graphite (HOPG) surface under

ultrahigh vacuum (UHV) conditions. Ruthenium is a

versatile catalyst with applications in the synthesis of

methane through the methanation process (King

1978) as well as in the steam-reforming process

(Jones et al. 2008). It has been found that the

dissociation of CO, a key step in the methanation

reaction, only occurs on the step sites of the

ruthenium surface (Shincho et al. 1985; Zubkov

et al. 2002; Zubkov et al. 2003). Ruthenium has also

been put forward as an alternative to iron as a catalyst

for ammonia synthesis, particularly at high ammonia

concentrations (see Bielawa et al. 2001; Honkala

et al. 2005 and references therein). The interaction of

N2 with ruthenium, which is believed to be the rate-

limiting step in ammonia synthesis has therefore been

a subject of fundamental interest. Nanoparticles of

ruthenium on HOPG has, e.g., been investigated for

the N2 adsorption and desorption behavior (Song

et al. 2004), and the N–N bond scission has been

found to exclusively occur at step sites (the so-called

B5 sites) on the Ru(001) surface (Dahl et al. 1999).

There are many relevant substrates for nanoparticle

studies but in this particular study we have chosen

HOPG because it is rather inert and electrically

conductive. If the HOPG is freshly cleaved, it will

expose large atomically flat terraces where the inter-

action with the nanoparticles is very weak, enabling

studies of the properties of almost undisturbed nano-

particles (Yim et al. 2007; Zhang et al. 2007, 2008;

Kadossov et al. 2008). It is also possible to intention-

ally create nucleation sites by ion bombardement of

the HOPG (Kibsgaard et al. 2006; Rohmer et al. 2007;

Yao et al. 2008) and a subsequent oxidation procedure

can create nanopits in the surface (Song et al. 2004;

Hinnemann et al. 2005) mimicking an activated

carbon support in industrial catalysis (Rodriguez-

reinoso 1998). In this study, we create nucleation sites

on the surface by Ar? bombardement before nano-

particle deposition, and subsequently take advantage

of the flatness of the HOPG to perform STM

investigations.

The nanoparticles used in this study are produced

using a magnetron-sputter gas-aggregation source.

This type of source has been used for a wide range of

applications (Granqvist and Buhrman 1976; Haber-

land et al. 1992; Binns 2001; Klipp et al. 2001;

Pratontep et al. 2005), where primarily small clusters

of less than a few hundred atoms have been

investigated, but larger nanoparticles can also be

produced with this type of source. The size range of

the nanoparticles studied here is in the order of

2–15 nm, i.e., containing approximately 300–130,000

atoms, sizes well-suited for catalytic studies.

The morphology of the ruthenium nanoparticles has

been investigated using a combination of scanning

electron microscopy (SEM), scanning tunneling micros-

copy (STM), and transmission electron microscopy
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(TEM). While the STM is prone to overestimating the

nanoparticle diameter due to tip-convolution effects, it

can provide an extremely accurate and reliable measure

of the particle height (Hovel and Barke 2006). This

complements data on the lateral dimensions of the

particle obtained by TEM. By combining SEM, STM,

and TEM data of the same samples, a detailed insight

into the morphology of the nanoparticles can be

obtained.

Experimental

Experiments were performed in a multichamber UHV

system (Omicron Multiscan Lab) with a base pressure

in the low 10-11 mbar region. The system consists of

three separate chambers; an analysis chamber, a

preparation chamber, and the nanoparticle source.

In the analysis chamber, the samples are analyzed

using a combination of STM and SEM. The STM is

an Omicron variable temperature microscope able to

operate in a temperature interval from 70 to 650 K.

The images reported here are obtained in constant

current mode using a current of 100–700 pA and

applying a gap voltage of 0.1–0.4 V. It was found

that the measured particle height does not change

substantially when changing the tunnel parameters in

this range. In order to keep the noise level low and to

avoid tip crashes due to slow feedback response, the

scan speed was set to 0.5–1 Hz resulting in a scan

time of approximately 10–20 min per image. The

STM was calibrated using the well known atomic

arrangement of the (7 9 7) reconstruction of Si(111)

(Dujardin et al. 1996). The images were analyzed

using the scanning probe image analysis software

SPIP where the grain analysis tool was used to

determine the mean height of the nanoparticles. The

SEM is based around a Gemini column (Zeiss Supra

55VP) and operates at 1–20 kV with a working

distance of 8 mm, resulting in a lateral resolution of

approximately 3 nm. The SEM/STM information is

supplemented with measurements using a Technai

T20 200 kV TEM. The surface composition is

studied with Auger electron spectroscopy (AES)

using the electrons from the SEM and an Omicron

NanoSAM hemispherical energy analyzer. The ana-

lyzer is also used to perform ion scattering spectros-

copy (ISS) using an Omicron ISE 100 fine focus ion

gun to produce He? ions.

The second chamber is used for sample prepara-

tion, where the sample can be Ar? sputtered using an

Omicron ISE 10 ion gun and heated using a pyrolytic

boron nitride (PBN) heater mounted on the backside

of the sample. After the sample has been prepared,

the nanoparticles from the gas-aggregation source can

be deposited onto the sample while it remains in the

preparation chamber.

The third main component of the system is the

nanoparticle source from Mantis Deposition Ltd. The

setup is illustrated in Fig. 1. The metal nanoparticles

are formed by gas-phase condensation from a flux of

ruthenium atoms, which are sputtered from a 99.99%

purity ruthenium target. The flux of ruthenium atoms

is provided by a magnetron sputtering head (c),

located inside a liquid nitrogen cooled enclosure (d).

Argon gas is used to provide the plasma at the

magnetron sputtering head. It also facilitates the

condensation of Ru clusters and their subsequent

growth into nanoparticles. Helium gas may also be

introduced into the aggregation zone to improve

thermalization to obtain smaller particle sizes. The

initial step in cluster formation has been suggested by

Haberland et al. to involve a three body collision

between two hot metal atoms and a cold argon atom

(see Haberland et al. 1992 for further details). As the

small clusters travel through the aggregation zone,

they continue to grow by the sticking of additional Ru

atoms to the cluster or by cluster–cluster collisions.

By controlling key parameters, such as the sputtering

power, aggregation distance, and the argon and

helium flows, it is possible to control the residence

time of the particles inside the aggregation zone and

thereby tune the size of the nanoparticles exiting the

nanoparticle source. For instance, an increased gas

flow will decrease the residence time in the aggre-

gation zone leading to smaller particles. After the

particles are formed, they pass through two skimmers

(e), reducing the local pressure from approximately

1–10-3 mbar (at an argon flow of 100 mL/min). The

pressure difference gives rise to a supersonic expan-

sion and further cooling of the nanoparticle beam.

The nanoparticles enter the quadrupole mass filter (f),

where the charged nanoparticles can be filtered

according to their mass-to-charge ratio. According

to Haberland et al. approximately 30–80% of nano-

particles exiting the aggregation zone carry a charge

(Haberland et al. 1992). The mass selected particle

production can be monitored by a quartz crystal
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microbalance (QCM) (h) or on a biased current plate

(i). A set of einzel lenses (j) are used to focus the

nanoparticles onto the sample (l). The particles are

soft-landed (Ekin B 0.1 eV/atom) onto the support

surface (Moseler et al. 2002) by applying ?36 V to

the sample. By doing so, the nanoparticles are not

deformed upon impact with the substrate which is

known to occur at much larger biases (Carroll et al.

1998). A fraction of the produced nanoparticles are

not charged and cannot be filtered by the quadrupole.

This fraction will, however, decrease significantly

going through the mass filter and the einzel lens due

to focusing of the charged particles. Blind experi-

ments show that the fraction (the relative coverage)

of the neutrals when the sample is positioned in direct

line-of-sight of the source is less than 1%. At times,

very large particles ([ 50 nm) are observed, which

are believed to be neutral nanoparticles that have

reached the sample.

In order to avoid contamination of the nanoparti-

cles, the source must be baked at 150 �C under

vacuum for approximately 24 h prior to use, leading

to a base pressure of approximately 5 9 10-10 Torr.

The helium and argon gases are of N60 purity and are

further purified by passing them over an iron catalyst,

which adsorbs most of the remaining contaminants,

such as CO, CO2, and H2O. The iron catalysts are

activated by baking them in a stream of hydrogen at

3 bar and 450 �C for several days.

The quadrupole rods are paired, with each pair

sitting diagonally opposite from one another. In order

to select masses, a DC voltage (V) and an AC voltage

(U) with frequency denoted f are applied to the four

quadrupole rods, with each pair having an opposite

polarization. The mass filtered by the quadrupole is

determined by f, U, and the spacing of the rods, while

the resolution is determined by the ratio between U

and V. The optimum resolution is achieved for a U/V

ratio of approximately 0.1678 (Paul et al. 1958).

However, at this high resolution only very small

particle currents, less than 1 pA, are obtained at the

sample. Therefore, as a compromise a theoretical

resolution of approximately 6% in the particle

diameter (U/V = 0.12) is chosen, where currents of

10–100 pA are achieved. The quadrupole selects a

given mass according to the settings on the four rods

(a) (b)

(c)
(d) (e) (f)

(g)

(h)

(k)

(l)

(j)
(i)

(m)(n)

Fig. 1 Schematic of the cluster source. The gas inlet and

power feedthrough to the magnetron sputtering head are seen

to the left (a). The gas-aggregation distance can be altered

using the linear translator (b). The magnetron sputtering head

(c) is surrounded by a liquid nitrogen cooled enclosure (d). The

nanoparticles pass through a 3 mm skimmer and a 6 mm

conical aperture (e) and are then passed into the quadrupole

mass filter (QMF) (f). The pressure is monitored using an ion-

gauge (g). The nanoparticle production can be measured using

a QCM (h) or a biased current plate (i). The nanoparticles are

focused using an einzel lens (j) before entering the preparation

chamber (k) and deposited onto the sample (l). The gas-

aggregation source is pumped using 230 l/s (m) and 450 l/s (n)

turbo molecular pumps
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of the mass filter. From this mass, we calculate the

corresponding diameter of a spherical nanoparticle,

assuming it has the density of the bulk material. This

diameter, denoted DMF where MF stands for ‘‘mass

filter’’ is defined as:

DMF ¼
ffiffiffiffiffiffiffiffiffiffi

6 � m
p � q

3

s

ð1Þ

where m is the mass of the selected nanoparticle and

q is the density of the bulk material.

The ruthenium nanoparticles were deposited onto

HOPG for STM studies in UHV and onto lacey carbon

grids for TEM analysis. The HOPG substrates used

(SPI-1, 7 mm 9 7 mm 9 0.5 mm) were mounted in a

sample holder incorporating a PBN heater to provide

radiative heating to the back side of the substrate. A

0.25-mm W–5 at% Re/W–26 at% Re thermocouple

was pressed against the front side of the HOPG

substrate and the sample temperature could be regu-

lated through a PID controller (Eurotherm 2408). The

HOPG was cleaved in air before loading into the UHV

system, where it was outgassed for several hours at

*650 �C. The surface was etched with 500 eV Ar?

ions for 15 min with a current of approximately

0.1 lA/cm2, followed by annealing at *650 �C for

15 min to degas the surface of implanted argon. The

sputtering step was performed to create a highly

defected surface where the pre-formed particles could

stick to prevent sintering at elevated temperatures

(Claeyssens et al. 2006).

Results

Production of ruthenium nanoparticles

from the magnetron aggregation source

The aggregation source was optimized to produce

ruthenium particles with DMF values of 2–10 nm. A

principal factor in determining the particle size was

found to be the flow of argon through the aggregation

zone. In Fig. 2a, spectra of the particle production for

different Ar flows are measured with the sputtering

power held constant at 37 W. The spectra are

obtained by varying the frequency of the AC voltage

applied to the quadrupole rods, while keeping the

amplitudes of both the AC and DC voltages constant.

As shown in Fig. 2a, it is possible to create

nanoparticles in the size range of 4–10 nm, solely

by controlling the Ar flow through the source. As

expected, the particle size increases as the flow is

decreased. When very large particles are produced,

the particle current is seen to drop significantly.

However, if the current is integrated over the mass

range, the ruthenium output is in fact almost constant.

Smaller nanoparticles can be produced by intro-

ducing helium into the aggregation zone. This is seen

in Fig. 2b where the source has been optimized for

small nanoparticles. Here, the aggregation distance

has been decreased by 37 mm by moving the

magnetron forward into the aggregation zone while

keeping all other parameters unaltered. With only the

Ar flow present, it is seen that almost no nanopar-

ticles are formed under these conditions. As the

helium flow is introduced, the production of nano-

particles is seen to increase, and increasing the

helium flow results in a further decrease in the size of

the nanoparticles. It is clearly seen in Fig. 2b that

certain sizes are favored over others. Particles with

DMF values of 1.75, 2.5, and 3.0 nm have a higher

probability of formation than other sizes. The origin

of these preferred sizes is not clear at this stage.

The position and shape of the spectra seen in

Fig. 2 are reproducible, even after air exposure,

followed by pump down and bakeout. Without the

bakeout, the nanoparticle production is unstable and

changes with time. The bakeout is thus an essential

part of creating ruthenium nanoparticles reproducibly

from the gas-aggregation source.

Surface analysis of ruthenium nanoparticles

The purity of the nanoparticles was checked by AES.

A measurement of a HOPG sample completely

covered by Ru nanoparticles with a DMF = 8 nm is

shown in Fig. 3a. The characteristic ruthenium lines

at 205, 235, and 277 eV, are clearly observed. The

carbon line at 275 eV overlaps with ruthenium and it

is thus very difficult to distinguish from ruthenium.

Furthermore, it is unfortunately not possible to

distinguish whether or not part of the carbon signal

could originate from carbon situated on the particles

or if it only originates from the substrate. No other

elements could be detected by AES.

The surface cleanliness was also analyzed using

ISS. An example of an ISS spectrum of particles with

DMF = 7 nm is presented in Fig. 3b. The dominant
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peak at 865 eV is from ruthenium. An enlargement of

the low energy part of the spectra is shown in the

inset, where the broad feature at 250–350 eV is

believed to originate from the carbon substrate.

Carbon has a very high neutralization probability,

and it is very difficult to detect in ISS (Luna et al.

2008). No other elements could be detected by ISS.

Model of ruthenium nanoparticles

The expected morphology of an equilibrated hexag-

onal close packed ruthenium nanoparticle is the

truncated hexagonal bipyramid, found for instance by

Gavnholt and Schiøtz (2008). In Fig. 4, a Wulff

construction of a nanoparticle consisting of 83,478

atoms is displayed. The morphology of the particle is

determined from the surface energies of the various

facets (Gavnholt 2009). For ruthenium, the (001),

(100), and (011) facets have the lowest energies and

thus dominate the surface area of the nanoparticle.

By observing the same particle from different

angles, see Fig. 4, the two-dimensional projection of

the particle will vary slightly. The projection of the

nanoparticle in Fig. 4a is clearly hexagonal, whereas

the projection appears octagonal in Fig. 4b and

almost spherical in Fig. 4c. When the particles are

imaged by SEM and TEM, it is the two-dimensional

projection that is seen and since the particle appears

slightly different depending on its orientation, two-

dimensional projections of identical particles will

appear differently. Consequently, the projection of

the particle seen in Fig. 4 can be interpreted to have

diameters in the range of 11.9–12.5 nm depending on

which angle it is observed from. Furthermore, the

number of atoms in the particle seen in Fig. 4 is

optimized to achieve a well-terminated Wulff con-

struction. If atoms are added to the particle or the

particle has a morphology slightly different from the

equilibrium state, the two-dimensional projections

will become even more diverse.

(a) (b)
Fig. 2 Particle production

(ion current) as a function

of DMF, derived from the

mass filter settings. a The

particle production for a

range of argon flows

without the presence of

helium. b Smaller particles

can be produced by

introducing helium

Fig. 3 Surface sensitive spectroscopy of ruthenium nanopar-

ticles on HOPG. a an AES spectrum of a complete layer of

ruthenium nanoparticles deposited onto HOPG is shown. b an

ISS spectrum of ruthenium nanoparticles deposited on HOPG

is shown with the Ru peak indicated. In the inset of b, the low

energy regime is enlarged which reveals the signal from

carbon. No contamination could be detected with AES or ISS
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The size of ruthenium nanoparticles

SEM

The nanoparticle ensembles were first imaged with

SEM under UHV to obtain a global overview of the

coverage and the spatial distribution of the particles

on the surface. An example is shown in Fig. 5 which

shows a SEM image of particles with DMF = 9 nm

that have been soft-landed onto sputtered HOPG at

room temperature. The nanoparticles are distributed

across the surface and there are no signs of sintering

or step decoration. It can, therefore, be concluded that

when the particles arrive on the surface they are

immediately pinned by defects and do not diffuse

around the surface. SEM analysis was performed on

different samples with different particle sizes and

showed that the nanoparticles were for the most part

isolated from one another on the surface, thereby

minimizing any effects that may arise from particle–

particle interactions. A small fraction of the particles

were, however, observed in close proximity to one

another, which we attribute to the random deposition

process. The mean diameter of the particles as

measured by SEM is 15.9 ± 0.8 nm. The particles

are thus very monodisperse, but they appear to be

larger than the mass from the quadrupole mass filter

would suggest. The SEM resolution of 3 nm may

cause smearing out of the particles, leading to a shift

up in the measured particle size.

STM

Using the STM, it is possible to obtain three dimen-

sional information of the particle morphology. Exam-

ples of nanoparticles imaged with the STM are shown

in Fig. 6 along with the corresponding height distri-

butions. Fig. 6a shows an STM image of ruthenium

nanoparticles with DMF = 2.3 nm. The image shows

no sign of sintering of the nanoparticles. The height of

the particles (2.4 ± 0.5 nm) extracted from the height

distribution shown to the right in Fig. 6a agrees well

with the size (DMF) extracted from Eq. 1. In Fig. 6b, a

STM image of nanoparticles with DMF = 7 nm is

presented. The particles are seen to be monodisperse,

with an average height of 9.9 ± 1.2 nm, which is

somewhat higher than the corresponding DMF value. In

Fig. 7, the height measured by STM for a range of

particle sizes is presented. The spread in the measured

particle height is influenced by the root-mean-square

roughness of the sputtered HOPG which has been

found to be approximately 1 nm. The narrow spread

seen for the nanoparticle heights are thus very satis-

fying. The height is seen to agree well with the

(a) (b)

(c)

Fig. 4 Different views of a Wulff construction of a particle

consisting of 83,478 atoms corresponding to DMF = 12.9 nm

according to Eq. 1. The dominating surfaces are the (001),

(100), and (011) facets since these facets have the lowest

surface energies. Due to the different surface energies of the

facets, the observed width (the diameter) of the particle will

depend on which projection the particle exhibits in the TEM

Fig. 5 SEM image (5 kV,

1 nA) of ruthenium

nanoparticles with

DMF = 9 nm with the size

distribution shown to the

right
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diameter of the spherical particle (DMF) at the lower

sizes. For sizes larger than 6 nm, however, the

measured particle height is seen to deviate significantly

from DMF. For instance at DMF = 9 nm, the measured

particle height is 15.6 ± 1.5 nm.

As the particle is imaged with an STM tip, the final

image of the particle will be a convolution of the tip

and the particle and since the tip has a finite size, the

nanoparticle diameter may appear larger than it

actually is. This effect will be more apparent when

the nanoparticle diameter becomes similar to or

smaller than the radius of curvature of the STM tip

which is expected to be not better than 5–10 nm

(Nakamura et al. 1999; Guise et al. 2002). It is thus

hard to obtain an accurate measurement of the

particle diameter using STM, but very accurate

measurements of the particle height can, however,

be obtained with STM.

TEM

In order to investigate the diameter with a higher

resolution than the in situ SEM and to avoid the

tip-convolution effects in STM mentioned above, the

particles are imaged with TEM. Here, the diameter of

the two-dimensional projection is easily obtained,

although no information about the height of the

nanoparticles is provided. TEM images of two

different nanoparticle sizes with DMF = 3 and

7.5 nm are presented in Fig. 8a and b, respectively.

In the size distributions in Fig. 8 (shown to the right

of each image), it is seen that the nanoparticles with

DMF = 3 nm agree very well with the spherical

model whereas the particles with DMF = 7.5 nm are

in fact *10.8 nm. The spread in the diameter is

0.5 nm (± 18%) and 0.8 nm (± 7%) for the 3 and

7.5 nm particles, respectively. The expected spread in

diameter is approximately 6% for the quadrupole

settings used. However, as mentioned previously, the

particle size distribution is expected to be slightly

smeared out due to the different cross sections of the

particles. The spread in particle size is thus very

satisfying taking this into account.

The diameters obtained from TEM are plotted in

Fig. 7 along with the STM data. It is seen, that the

diameter obtained with TEM and the height measured

(a)

(b)

Fig. 6 STM images of

ruthenium nanoparticles

with DMF = 2.3 nm (a) and

7 nm particles (b). To the

right of each image, the

height distribution is shown

along with the average

height and standard

deviation
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by STM agree well with the size extracted from the

spherical model for DMF \ 6 nm. For larger particles,

the measured diameter is seen to deviate by several

nanometers from the 1:1 correlation.

The height of the nanoparticles measured by STM

is seen to follow the diameter obtained from TEM

very well in the entire size range investigated. The

particles are thus uniform in all directions with an

aspect ratio of approximately one, even though the

size deviates from the size extracted from the

quadrupole settings. Since the deposited particles

follow the same trend they are believed to retain their

shape as they are deposited. This confirms that the

particles are in fact soft-landed onto the surface and

do not change shape significantly upon impact.

Particles with DMF = 10 nm are seen to have an

actual size of approximately 15 nm. This difference

corresponds to a shift in particle mass from approx-

imately 38,000 atoms to 130,000 atoms. The mass of

the particles is, therefore, more than three times

higher than expected. The size resolutions of these

Fig. 7 The measured nanoparticle size versus DMF. The error
bars represent the standard deviation from the Gaussian fits.

The dashed line displays the 1:1 correspondence between the

measured height/diameter and DMF and is shown to guide the

eye. Nanoparticles are seen to have approximately the same

height and diameter for all mass selections. At larger sizes, a

deviation from DMF is observed

(a)

(b)

Fig. 8 TEM images of

ruthenium nanoparticles

with DMF = 3 nm (a) and

7.5 nm (b). To the right of

each image, the size

distribution is shown along

with the average diameter

and the standard deviation.

TEM diameters for several

sizes are included in Fig. 7

J Nanopart Res (2010) 12:1249–1262 1257

123



particles are in all cases within the expected resolu-

tion and the actual selected masses are just shifted

toward larger sizes. It is not obvious at this point why

the mass filter is presumably not accurate on an

absolute scale at the highest masses. However, the

measurements presented in Fig. 7 can be used

directly for calibration of the mass filter. Conse-

quently, a reproducible particle production with a

narrow size distribution is achievable for nanoparti-

cles in the diameter range of 2–15 nm. This range is

ideal for studies of the catalytic properties of Ru

nanoparticles. For example, Gavnholt and Schiøtz

have predicted an optimal Ru nanoparticle diameter

of 3 nm for ammonia synthesis (Gavnholt and

Schiøtz 2008).

Nanoparticle morphology

The TEM can be used to investigate the crystalline

structure of the ruthenium nanoparticles as well as

their morphology. Often, it is possible to detect lattice

fringes from the particles deposited on the lacey

carbon surface.

The particle measured by TEM shown in Fig. 9

has a diameter of approximately 15 nm and the lattice

fringes are found to be approximately 0.24 nm apart.

Comparing the nanoparticle to the Wulff constructed

model, it is seen that the projection would agree with

a nanoparticle with the (001) crystallographic plane

comprising the top facet and the [100] direction

pointing to the right as illustrated in Fig. 9. The (100)

interplanar distance is 0.23 nm which agrees well

with the lattice fringes seen in the figure.

Since ruthenium binds oxygen strongly (Madey

et al. 1975) the surface of the particles may be

oxidized during transfer to the TEM. The lattice

fringes in Fig. 9, however, suggest that the bulk part

of the particle remains metallic. This agrees well with

the study by Jones et al. who found that ruthenium

nanoparticles in the size range of 2–4 nm created ex-

situ are not visible in the TEM due to the particles

being bulk oxidized. They found that the particles had

to be reduced in hydrogen to become visible in TEM

(Jones et al. 2008). Consequently, our nanoparticles

imaged by TEM are believed to have the same

morphology and crystalline structure as the particles

imaged with in situ STM.

In Fig. 10, various morphologies of 6 nm particles

are shown. The particles are seen mostly to exhibit

hexagonal symmetry. The specific shape is, however,

not the same for all the particles. The shape varies

from perfect hexagonal in Fig. 10a, through a

Fig. 9 TEM of a ruthenium

nanoparticle with

DMF = 10 nm where lattice

fringes are clearly seen. A

line profile within the

indicated area on the TEM

image is shown in the inset,

where the average

periodicity is found to be

0.24 nm which fits well

with the (100) interplane

distance of 0.23 nm. Also

shown is a possible model

of a nanoparticle with the

[001] direction pointing

normal to the page
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truncated hexagonal in Fig. 10b, to an almost trian-

gular particle in Fig. 10c. The two particles on top of

each other in Fig. 10d do not appear to have

hexagonal symmetry. This, however, does not

exclude the possibility that the particles are truncated

hexagonal bipyramids. The two-dimensional projec-

tion of the particle seen in Fig. 4c is, e.g., similar to

the shape seen in Fig. 10d. In general, nanoparticles

smaller than approximately 6 nm appear to have

well-defined surfaces. The particles are primarily

found to have hexagonal symmetry with a range of

different polymorphs present.

As the size is increased further to the maximum

possible size of 15 nm, the diversity of morphologies

becomes gradually larger. For the largest particle

sizes, hexagonal particles are at times observed as

observed in Fig. 9. However, the majority of the

largest particles have rough surfaces (see Fig. 11a, b)

and the morphology does not display the thermody-

namic equilibrium shape seen in Fig. 4. Several

examples of multiple particle morphologies are

observed for particles above a measured diameter of

approximately 10 nm. The particle displayed in

Fig. 11c appears to consist of smaller particles which

have agglomerated inside the nanoparticle source.

The multiple particle appears to have the correct size

compared to the predominant particle shape and it is

thus believed that this type of particle is formed

inside the cluster source rather than by sintering on

the surface. These agglomerates of multiple smaller

particles have been observed for all measured particle

sizes above approximately 10 nm, but the fraction of

these particles present on the surface is less than 1%

of the total deposit and, therefore, does not contribute

significantly to the size distribution.

Discussion

The height determined by STM and the diameter

extracted from TEM agree well with DMF up to a value

of approximately 6 nm. For larger nanoparticles, the

Fig. 10 Examples of high

resolution TEM images of

DMF = 6 nm ruthenium

nanoparticles (a–d). The

morphology of the particles

is mostly of hexagonal

symmetry, with a range of

different polymorphs
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diameter and height are seen to be increasingly larger

than DMF. The reason for this is not clear at this stage.

Small deviations could be explained by the geometry

not being correctly incorporated in DMF. Perhaps, these

very high masses (a nanoparticle of 6–7 nm contains

*10,000 atoms corresponding to roughly one million

amu) may cause a non-ideal expansion from the

aggregation zone into the mass filter. Additionally,

there might also be a break-down of some of the basic

assumptions for this type of mass filter, which is

typically used for much smaller masses. Such matters

are, however, beyond the scope of the present study.

The larger particles might also exit the cluster source

with multiple charges. If the largest particles were

charged by three electrons instead of one, the size

would in fact fit well. However, if multi-charged

particles were present, different peaks should be visible

in the particle production measurements. Since this is

never seen, the number of multi-charged particles is

believed to be insignificant. Despite the unexplained

behavior at higher masses, our mass filter works well

and can be used to produce nanoparticles with a

specific diameter by calibrating according to the data

presented in Fig. 7.

The high resolution TEM images of the nanoparti-

cles in Figs. 10 and 11 showed that a number of

different particle shapes are present on the surface.

Particularly, the largest particles have very diverse

particle morphologies. It is believed that the morphol-

ogy of all these particles are determined in the gas-

aggregation source. In this type of source, the particles

are created by ruthenium atoms while transitioning

from a hot plasma in the vicinity of the sputter target to

a cold inert gas environment in the aggregation zone.

This rapid quenching of the nanoparticles could of

course lead to numerous non-equilibrium shapes being

adopted. The smaller nanoparticles with a diameter

less than 6 nm also have slightly different morpholo-

gies, but the diversity is not as evident as is observed for

the larger particles. The shape of the smaller particles

appears to be closer to the equilibrium shape.

The particles are intended for investigation of the

structure dependency of catalytic reactions. Since the

diversity of the particles become increasingly larger

as the particle size is increased above 6 nm, it is

difficult to correlate the catalytic properties of the

large particles to the morphology. It might be

possible to anneal the particles such that they reach

the equilibrium shape. This annealing should ideally

take place in the gas phase before deposition to

prevent any sintering of the particles due to the

annealing, but alternatively it could be carried out

after deposition. While the larger particles are not

ideal for correlation studies, they may actually be

very active catalysts due to the rather rough surface

and thus large quantity of low-coordinated sites. It

would be very interesting to compare the catalytic

activity of these non-equilibrium shaped model

catalysts to commercially available Ru catalysts.

Conclusions

• By varying nanoparticle source parameters such

as argon flow and aggregation distance, we are

Fig. 11 Examples of different morphologies of DMF = 15 nm

ruthenium nanoparticles (a–c). The diversity of the nanopar-

ticle morphology is obvious. Several particles are very far from

equilibrium exhibiting sharp dents in the side of the particles

(b). A particle which appears to consist of four smaller

particles is also observed (c)
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able to produce size-selected ruthenium nanopar-

ticles in the range from 2 to 15 nm.

• The formation of 1.75, 2.5, and 3.0 nm diameter

nanoparticles is favored over other sizes at the

lower end of the size range studied. For larger

sizes, there is no evidence of sizes more favorable

than others.

• The size distributions show a spread of approx-

imately ±10% when deposited on either HOPG

surfaces or lacey carbon films.

• Small nanoparticles are seen in the TEM to be

crystalline, with various hexagonal symmetries.

• Larger nanoparticles are also crystalline as dem-

onstrated by the fact that we observe lattice

fringes consistent with metallic Ru in TEM

images of these particles. However, they exhibit

a large variety of shapes, including what are

clearly agglomerates of smaller nanoparticles and

particles with very rough surfaces. It is believed

that the particle morphology is determined in the

gas-aggregation source.

• The smaller particles are well-defined in shape

and size and are, therefore, very suitable as model

catalysts. The larger particles are on the other

hand less well-defined and are thus not as ideal

for correlation studies. They may, however, be

quite active catalysts.
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A B S T R A C T

The scanning tunneling microscopy and temperature programmed oxidation methods

were used to study the catalytic oxidation of graphite by mass-selected Ru nanoparticles.

Channeling by the nanoparticles was observed on the unsputtered HOPG basal surface at

temperatures above 750 �C in 10�6 mbar O2. Arþ ion bombardment was used to create layers

of disordered carbon of various depths on the HOPG surface. The channel propagation rate

in the disordered carbon layer was found to increase for larger nanoparticles. The depth of

the interface between the disordered carbon layer and the graphite determined whether

the nanoparticles etched paths parallel or perpendicular to the surface. The gasification

onset temperature depended on the degree of graphitisation of the surface, with more

heavily sputtered surfaces undergoing gasification at much lower temperatures than the

unsputtered surface.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The catalytic gasification of carbon by transition metal nano-

particles plays an important role in a wide range of applica-

tions. Traditionally, it has been investigated with regard to

the effect of metal catalysts on the gasification of coal [1],

the removal of carbon deposits from catalysts used in pro-

cesses such as Fischer–Tropsch synthesis [2], the degradation

of carbon-supported catalysts through corrosion [3] and the

catalytic oxidation of soot particles from diesel engine ex-

hausts [4,5]. More recently, attention has also focussed on

the degradation of electrode performance in proton-exchange

membrane fuel cells [6], the corrosion stability of carbon

nanotubes [7] and etching of diamond [8] and graphene [9].

Gasification of graphite has been particularly well studied,

since this provides a well-defined surface that is easily acces-

sible to various surface science and microscopy techniques.

The uncatalysed gasification of graphite generally proceeds

via a combination of edge recession at substrate steps and

etch pit formation originating from surface vacancies and

screw dislocations, followed by abstraction of carbon atoms

from the basal plane at higher temperatures [10–16]. Cata-

lysed gasification of graphite has been reported for a variety

of transition metals and their compounds in various gases

[17–23]. Transition metal particles deposited onto graphite

either from aqueous solution or by physical vapour deposi-

tion generally form etch channels on the surface during gas-

ification, where the channel width and length can often be

related to the particle diameter. Two models have been pro-

posed for the action of the catalyst; (1) it acts as a dissociation

center for splitting the gas molecules, followed by diffusion of

the atomic species to the carbon and reaction, or (2) carbon–

carbon bonds are broken at the graphite-catalyst interface

and carbon diffuses through or over the catalyst nanoparticle

to react with gas molecules at the catalyst surface. The chan-

neling action comes from the fact that the nanoparticles

adhere to the receding step edge produced at the graphite-

catalyst interface as carbon is removed.
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In the present study, we have investigated the catalytic

oxidation of highly-oriented pyrolytic graphite (HOPG) by

mass-selected ruthenium nanoparticles using scanning tun-

neling microcopy (STM), scanning electron microscopy

(SEM) and temperature programmed oxidation (TPO). We are

interested in ruthenium because it is catalytically active for

several processes including methanation and Fischer–Tropsch

synthesis [24,25], hydrotreating of hydrocarbons [26], reduc-

tion of nitrogen oxides [27] and ammonia synthesis [28].

The elementary steps in a number of these processes may

be studied using a model catalyst comprising Ru nanoparti-

cles supported on HOPG [29]. However, it is important to iden-

tify the conditions under which the catalyst is stable against

sintering and corrosion of the support. Furthermore, the cat-

alytic process under study can lead to carbon deposition on

the catalyst surface, so it is also important to establish

whether accumulated carbon deposits can be removed from

the surface of the catalyst nanoparticles. Previous studies of

Ru-catalysed graphite gasification using transmission elec-

tron microscopy (TEM) established that the mode of attack

is very dependent on both the reaction temperature and the

reactant gas [30,31]. In particular, different modes of attack

were observed at different temperatures under oxidising con-

ditions, which could be attributed to the oxidation state of the

catalyst and consequently its ability to wet the graphite sur-

face [30]. These previous studies focussed on the etching of

cleaved graphite surfaces containing only intrinsic defects

such as steps and vacancies. In the present study, we have

investigated the effect of varying the degree of graphitisation

of the support, i.e. how disordered the carbon surface is, by

means of Arþ pre-sputtering and demonstrate that it has a

significant influence on the oxidation process. We have also

investigated the effect of varying nanoparticle size on graph-

ite oxidation by using mass-selected nanoparticles.

2. Experimental

The experiments were performed in a multichamber ultra-

high vacuum (UHV) system (Omicron, Multiscan Lab) with a

base pressure in the low 10�11 mbar region. HOPG substrates

(SPI-1, 7 mm · 7 mm · 0.5 mm) were cleaved in air and

mounted in sample holders incorporating a pyrolytic boron

nitride (PBN) radiative heater, which is capable of heating

the sample to temperatures in excess of 700 �C. A C-type ther-

mocouple (W-5 at.% Re/W-26 at.% Re) was placed in contact

with the substrate in order to monitor and control the sample

temperature via a PID controller (Eurotherm 2408). The tem-

perature measured using different sample holders varied

somewhat as a result of small variations in how the sample,

heater and thermocouple were fixed. Therefore, the accuracy

of the temperature measurement was assumed to about

�50 �C. Upon insertion into UHV, the samples were outgassed

for several hours at 660 �C to outgas adsorbed contaminants

prior to use. The influence of the degree of graphitisation of

the support on the oxidation behaviour was investigated by

pre-sputtering the HOPG surfaces with 500 eV Arþ ions at a

target current density of � 1 lA=cm2 1 for varying lengths of

time, followed by heating to 660 �C for a further 15 min to

degas the surface from implanted Ar.

Pre-formed mass-selected Ru particles were soft-landed

onto the HOPG substrates at room temperature using an inert

gas-aggregation source (Mantis Deposition Ltd., Nanogen 50).

A schematic illustration of the deposition layout of the gas-

aggregation source is shown in Fig. 1. The particles are formed

by gas-phase condensation from a flux of Ru atoms that are

sputtered from a 99.99% pure Ru target using a magnetron

sputter source (B). The magnetron is housed in a liquid nitro-

gen cooled enclosure (C) with a 3 mm diameter aperture at

one end. Argon gas is flown into the volume around the mag-

netron at a rate of 10–120 sccm and is pumped away via the

aperture so that a local pressure of 0.1–1 mbar is obtained in-

side the gas-aggregation zone during operation. The cooled ar-

gon gas thermalises the sputtered Ru atoms so that they

condense into clusters, which further coalesce to form nano-

particles. The size of the nanoparticles is determined by a

number of factors such as magnetron sputter power (typically

20–40 W), rate of gas flow, distance between the target and the

exit aperture and the diameter of the exit aperture. Ruthe-

nium nanoparticles with diameters in the range of 2–16 nm

can be produced using the source [32,33]. The nanoparticles

are carried by the gas stream through the exit aperture of

the aggregation zone, producing a nanoparticle beam that is

further refined by a skimmer (E). The nanoparticle beam is

then passed through a quadrupole mass filter (F) where the

ionised fraction (60–80%) of the nanoparticles can be filtered

according to their mass-to-charge ratio. The quadrupole mass

filter settings were optimised to obtain a resolution of 6% in

the particle diameter.2 The ionised nanoparticle flux exiting

Fig. 1 – A schematic illustration of the inert gas-aggregation

source used to produce the mass-selected Ru nanoparticles,

with; (A) Linear translator, (B) magnetron sputter source, (C)

cooling shroud, (D) pumping to gas-aggregation chamber

via 450 l/s turbo pump, (E) skimmer, (F) quadrupole mass

filter, (G) pumping to quadrupole chamber via 230 l/s turbo

pump, (H) grid, (I) quartz crystal balance, (J) Einzel lenses, (K)

gate valve, (L) substrate located in preparation chamber, (M)

pumping to preparation chamber via 260 l/s turbo pump

and 400 l/s ion pump.

1 It should be pointed out that we have mistakenly reported the sputter current density to be � 0:1 lA=cm2 in earlier reports [32,33].
2 A higher resolution in the particle diameter is achievable with the quadrupole, but at the expense of the deposition rate.
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the source can be measured as a current on a biased grid (H),

while the total flux can be measured with a quartz crystal bal-

ance (I). The nanoparticle beam is then passed through an Ein-

zel lenses (J), which is used to focus the beam through the

constriction between the source and the preparation chamber

where the substrate (L) is located. The substrate is placed at a

small positive bias ð�36 VÞ so that negatively charged parti-

cles are soft-landed onto the surface with kinetic energies of

6 0:1 eV=atom. The substrate can be shifted slightly off-axis

of the beam in order to avoid deposition of neutral particles,

though our measurements indicate that the number of neu-

trals entering the preparation chamber is negligible. Further

details on the construction and principles of operation of this

type of source can be found elsewhere [34,35].

Ion scattering spectroscopy (ISS) measurements were used

to confirm the surface cleanliness of the deposited particles.

The measurements were performed using 1 keV Heþ ions pro-

duced by a differentially pumped electron impact ion source

(ISE 100, Omicron Nanotechnology). The reflected ions were

detected at a 147� scattering angle with a hemispherical en-

ergy analyser.

TPO experiments were performed by backfilling the UHV

chamber with high purity O2 via a leak valve until a partial

pressure of 10�6 mbar was established. The sample tempera-

ture was then ramped at a rate of 1 �C/s in the oxygen atmo-

sphere. The local gas composition evolved at the surface

during the temperature ramp was monitored using a differen-

tially pumped Balzers QMA 125 quadrupole mass spectrome-

ter. The spectrometer was equipped with an oxygen-free high

conductivity (OFHC) copper sniffer tip with a 1 mm diameter

aperture, which is positioned within 0.5 mm of the sample

surface. This arrangement allows the O2, CO and CO2 signals

from the sample surface to be measured with negligible con-

tribution from the sample holder or surroundings.

STM was performed at room temperature in constant cur-

rent mode, using electrochemically etched W tips without

any in-vacuum treatments other than applying a series of

voltage pulses (typically 4–9 V for 10–100 ms) or scanning for

several lines with increased bias ðU � 2 VÞ in order to condi-

tion the tip. The typical tunnel parameters used to image

the particles in this study were U ¼ 10–600 mV for the gap

bias, where the sample was biased with respect to the tip,

and I = 100–800 pA for the tunnel current. Slow scan speeds

were adopted with a typical line scan frequency of about

0.5–1 Hz. SEM images were acquired in-situ using a UHV Gem-

ini 30 kV SEM column capable of 3 nm spatial resolution. Typ-

ically, images were obtained with a primary beam voltage of

5 kV and a probe current of 0.1–1 nA. Ex-situ TEM analysis

of the nanoparticles was also performed using a Technai

T20 200 kV transmission electron microscope. For these anal-

yses, the nanoparticles were deposited onto lacey carbon

films supported on 300 mesh copper TEM grids.

3. Results

3.1. Mass-selected Ru nanoparticles

The surface composition after deposition of 8.4 nm Ru nano-

particles onto a HOPG surface that had been sputtered for 30 s

was investigated with ISS, see Fig. 2. Approximately 10% of

the surface is covered by nanoparticles. The ISS shows a pro-

nounced ruthenium peak at 865 eV, while the insert shows an

enlarged view of the broad carbon peak at around 300 eV. The

low signal reflected from the support can be attributed to the

high neutralisation probability for Heþ ions scattering from

carbon [36]. No other peaks were observed indicating a high

degree of cleanliness of the as-deposited nanoparticles.

A STM image of 2.7 nm Ru nanoparticles deposited onto a

HOPG surface that had been sputtered for 15 min with

500 eV Arþ ions is shown in Fig. 3a. Depositions were typically

carried out so that 10–40% of the surface was covered by

nanoparticles. The nanoparticles were found to be stable

against sintering in UHV below 500 �C, with the exception of

particles with diameters 63 nm supported on unsputtered

HOPG [32]. The nanoparticles generally appear round in the

STM with facets only evident on particles larger than around

8 nm. The mean nanoparticle diameter measured by STM is

overestimated due to tip convolution effects. Therefore, the

mean nanoparticle height measured by STM was used to ob-

tain a representation of the size distribution of the supported

nanoparticles. Several of these particle height distributions

are shown in Fig. 3b, which were obtained using different

aggregation source parameters, such as the Ar gas flow. The

standard deviation measured for the nanoparticle height is

on average around 20%, which is larger than the expected res-

olution of 6%. However, the latter value is based on an idea-

lised assumption that the nanoparticles are spherical and

homogeneous. TEM images of nanoparticles taken ex-situ,

such as the examples shown in Fig. 3c–e, have shown that

the nanoparticles are not homogeneous and can display a

range of different polymorphs [33]. This behaviour was

increasingly apparent for larger nanoparticles and is consis-

tent with the process of formation of the nanoparticles

through coalescence of smaller clusters inside the gas-aggre-

gation source. Good agreement was obtained between the

particle diameter distributions measured by TEM and the cor-

responding particle height distributions measured in-situ by

STM [33], indicating that any oxide formed during the transfer

Fig. 2 – ISS spectrum of Ru nanoparticles freshly deposited

onto HOPG. Approximately 10% of the surface is covered by

8.4 nm nanoparticles. The insert shows an enlarged view of

the energy range around the carbon peak.
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from the UHV system to the TEM was restricted to a thin shell

around the nanoparticles. This was further supported by

high-resolution TEM measurements of lattice fringes dis-

played by the nanoparticles, which confirmed that they com-

prised metallic ruthenium [33].

3.2. Temperature programmed oxidation

After establishing the size, shape and composition of the

nanoparticles, TPO measurements were performed to investi-

gate the support oxidation process. These were performed by

heating linearly to 770 �C in 10�6 mbar O2. An example of

such a measurement is shown in Fig. 4, which plots the CO,

CO2 and O2 signals measured above the sample surface dur-

ing oxidation of a sputtered HOPG surface 15% covered by

2.3 nm Ru nanoparticles.3 The oxidation of the support is ini-

tiated above an ignition temperature Ti, which we define as

the temperature where the measured CO signal has risen

10% above the background level. The CO signal continues to

rise for some temperature interval above Ti, before reaching

a peak value at Tp. This is mirrored by a corresponding con-

sumption in the O2 signal at the same temperature. Above

Tp the CO signal decreases again as the gasification process

becomes deactivated. A negligible amount of CO2 is also ob-

served during the initial stage of oxidation near Ti but disap-

pears completely before the CO signal peaks at Tp. When TPO

measurements (not shown) were performed on HOPG sur-

faces without nanoparticles the CO background did not rise

in the temperature range up to 770 �C, indicating that the oxi-

dation process is catalysed by the Ru nanoparticles.4

3.3. Influence of support graphitisation

In order to study the influence of the degree of surface graphi-

tisation on the oxidation process, TPO measurements were

Fig. 3 – Mass selected Ru nanoparticles characterised by STM and TEM. (a) 100 nm · 100 nm STM image of 2.7 nm Ru

nanoparticles deposited onto unsputtered HOPG at room temperature. (b) Height distributions obtained from STM

measurements of different sized nanoparticles in the diameter range from 2 nm to 16 nm. (c–e) 512 nm · 512 nm TEM images

showing (c) 6 nm, (d) 12 nm and (e) 16 nm Ru nanoparticles supported on lacey carbon films. Good agreement was obtained

between the particle heights measured by STM and the particle diameters measured by TEM [33].

Fig. 4 – TPO spectrum obtained for 2.3 nm Ru nanoparticles

supported on HOPG that was sputtered with 500 eV Arþ ions

for 15 min. The sample temperature was increased linearly

at a rate of 1 �C/s in 10�6 mbar O2. The positions of the

ignition temperature Ti and the CO peak temperature Tp are

indicated.

3 It should be noted that the O2 signal was observed to rise continuously over the course of each oxidation experiment. This was
attributed to the gradual saturation of the uptake of O2 on the walls of the UHV chamber.

4 Both sputtered and unsputtered HOPG surfaces were tested for non-catalytic oxidation under these conditions.
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performed on HOPG surfaces with different amounts of Arþ

pre-sputtering, see Fig. 5. For these experiments, nanoparticles

with a mean diameter of 4.6 nm were deposited onto HOPG sur-

faces that had been pre-sputtered for 0 min, 2 min, 15 min and

60 min with 500 eV Arþ ions.5 In each case, the same initial

nanoparticle coverage ð� 40%Þ was used and the oxidation

was carried out by heating linearly to 770 �C in 10�6 mbar O2.

Each sample was held at this temperature for 10 min before

removing the O2 and cooling the sample to room temperature

in UHV. The subsequent STM analysis of these surfaces will

be discussed below. Fig. 5 plots the CO signal evolved from

each surface versus temperature, after normalisation to the

corresponding O2 signal and background substraction.6 The

CO peaks are seen to shift to lower temperatures for the sur-

faces that have been more heavily sputtered, indicating that

these surfaces are oxidised at lower temperatures compared

to unsputtered HOPG. This is highlighted in the insert of

Fig. 5, which plots Ti and Tp for each sample versus the pre-

sputtering time of the support. This behaviour can be ration-

alised by the fact that the Arþ pre-sputtering produces surface

defects or even a disordered carbon layer on the support sur-

face, which can be more readily oxidised than the defect-free

graphite surface. A similar behaviour has been previously

observed during the non-catalytic oxidation of graphite and

charcoal, where graphite oxidation was found to occur at

around 100 �C higher than charcoal oxidation [37].

In order to investigate the mechanisms behind the oxida-

tion process and its subsequent deactivation, STM measure-

ments were performed on the same surfaces after the TPO

measurements shown in Fig. 5. STM images of these surfaces

are presented in Fig. 6 and show that the surfaces have under-

gone significant modification as a result of catalysed oxida-

tion. Fig. 6a shows a STM image of the nanoparticles

deposited on an unsputtered HOPG surface after oxidation.

The nanoparticles have sintered into large hexagonal islands

with a flat top facet – most likely the (0001) facet. The mean

height of these nanoparticles is of the order of 8:0� 2:5 nm,

while the lateral dimensions range from a few nm to several

tens of nm. Monolayer deep etch channels are visible on the

HOPG surface between the particles. These channels are gen-

erally initiated from substrate step edges. While the depth of

the channels is uniformly 0.3 nm, corresponding to the inter-

layer spacing of HOPG [12], their lateral width depends on the

lateral dimensions of the particle at which the channel termi-

nates. Fig. 6b shows the effect of catalysed oxidation on a

HOPG surface that has been sputtered for 2 min with

500 eV Arþ ions. The surface is decorated with well-oriented

etch channels that are mostly aligned along three principal

directions. This is highlighted by the corresponding polar plot

shown in the insert in Fig. 6b, which shows that the etch

channels are oriented by �60� with respect to one another.7

The channels are 0.3–2.4 nm deep corresponding to between

one and eight monolayers. The mean particle height is

around 7:1� 3:3 nm, while the lateral size of the particles ap-

pears to be around 19:0� 9:7 nm. This value is an upper

bound due to STM tip convolution effects. Fig. 6c shows the

effect of catalytic oxidation on a HOPG surface that has been

sputtered for 15 min with 500 eV Arþ ions. In this case, there

is little evidence of preferential orientation of the etch chan-

nels; the surface is randomly etched with around ten layers of

the surface exposed. Only the deepest channels, which are

around 3 nm deep, display any evidence of oriented propaga-

tion. The mean height of the sintered particles is 4:5� 3:3 nm,

while the lateral size appears to be around 16:0� 6:3 nm. Fi-

nally, Fig. 6d shows the effect of catalytic oxidation on a HOPG

surface that has been sputtered for 60 min with 500 eV Arþ

ions. It is difficult to discern any Ru particles on the surface.

The density of etch channels is much lower than that ob-

served in Fig. 6c – approximately 55% of the topmost surface

layer remains in Fig. 6d compared to only 15–20% in Fig. 6c.

Moreover, the depth of the largest channels in Fig. 6d is in

the range of 4–5 nm.

Fig. 5 – CO signal measured during TPO of 4.6 nm Ru

nanoparticles supported on HOPG that was sputtered with

500 eV Arþ ions for 0 min, 2 min, 15 min and 60 min. The

sample temperature was ramped at 1 �C/s in a background

O2 pressure of 10�6 mbar. The insert plots the measured

ignition temperature as a function of the substrate sputter

time.

5 Assuming that every carbon atom in the HOPG surface that is hit by an Arþ ion is removed, then with a target current of 1 lA=cm2 it
can be shown that after 2 min of sputtering roughly 20% of the surface layer is removed. After 15 min the complete first layer and up to
50% of the next layer are removed, while after 60 min of sputtering up to six layers of the surface have been removed. It should be noted
that these values are based on a simplistic model where carbon is removed from the surface in a ‘‘layer-by-layer’’ fashion. Our STM
analysis of these sputtered surfaces reveals that they are highly disordered [32] and likely constitute a significant proportion of
amorphous carbon and carbon nanoflakes.

6 An additional CO peak is observed for the 15 min sputtered sample at around 325 �C. This is attributed to the removal of carbon
deposited on top of the nanoparticles, which may have been present as a result of prolonged exposure to the residual gas in the UHV
chamber prior to carrying out the oxidation experiment.

7 It should be noted that the angles are slightly distorted due to thermal drift in the STM.
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The results presented so far indicate that during catalysed

oxidation the nanoparticles etch downwards through the dis-

ordered carbon layer produced by the Arþ pre-sputtering until

the interface with the HOPG basal plane is reached, after

which the etching proceeds parallel to this interface. To fur-

ther elucidate the structure of the etch channels TPO was per-

formed on a low coverage (12%) of Ru nanoparticles deposited

onto a HOPG surface that was sputtered for 15 min. Fig. 7a

shows a large-scale STM image of the surface after oxidation,

where the randomly oriented etch channels formed by indi-

vidual nanoparticles can be distinguished. From the STM im-

age of an individual etch channel shown in Fig. 7b it can be

seen that the channel width remains roughly constant. STM

images (not shown) of the areas on either side of the channel

reveal a surface roughness consistent with what has previ-

ously been observed after sputtering the HOPG surface for

15 min with 500 eV Arþ ions [32]. A line-profile taken across

the etch channel, see Fig. 7c, reveals that it is about 3 nm

deep, indicating the depth of the disordered carbon/graphite

interface produced by the Arþ sputtering. The sides of the

channel appear to slope inwards towards the bottom of the

channel as a result of tip convolution effects, however,

the bottom of the channel appears flat. High-resolution STM

images taken in the area at the bottom of the etch channel,

see Fig. 7d, reveal the atomic structure of the graphite basal

plane.8 Interestingly, when SEM images were obtained of this

surface, see Fig. 7e, it was found that the etch channels im-

aged as low (dark) regions in the STM image appear brighter

in the SEM image compared to the disordered carbon layer.

This demonstrates that a higher secondary electron yield is

obtained from ordered graphite surface at the bottom of the

etch channels compared to the surrounding disordered

carbon.

3.4. Influence of nanoparticle size

In addition to investigating the influence of surface graphiti-

sation, the influence of nanoparticle size on the oxidation

process was also investigated. In order to minimise sintering

or interaction between neighbouring etch channels, these

experiments were carried out by using very low coverages

ð61%Þ of nanoparticles deposited onto HOPG surfaces that

had been sputtered for 15 min. In order that a reliable com-

parison might be made between the ignition temperatures

Fig. 6 – Effect of pre-sputtering on the catalysed oxidation of graphite by Ru nanoparticles. In each case, the same coverage of

4.6 nm diameter Ru nanoparticles was deposited onto the support surface, which was then oxidised in 10�6 mbar O2 at 770 �C
for 10 min. Each STM image is 600 nm · 600 nm and was taken after the catalysed oxidation. (a) An unsputtered HOPG

support, (b) HOPG surface sputtered for 2 min with 500 eV Arþ ions. The insert shows a polar plot showing the orientation of

the etch channels. (c) HOPG surface sputtered for 15 min with 500 eV Arþ ions. (d) HOPG surface sputtered for 60 min with

500 eV Arþ ions.

8 The atomic structure is slightly distorted by thermal drift.
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obtained for different size nanoparticles, the experiments

were performed using the same sample holder, heater and

thermocouple. STM measurements were used to determine

the channel length, width and depth after oxidation in

10�6 mbar O2 at 760 �C for 10 min. When measuring the chan-

nel length, width and depth only individual etch channels

that did not display significant branching, like the one shown

in Fig. 7b, were selected. The results of these measurements

are summarised in Fig. 8 for three different particle sizes;

3.2 nm, 5 nm and 7 nm. All three parameters were found to

increase with particle size indicating that the particle propa-

gation rate during catalysed oxidation is higher for larger par-

ticles. Comparing the ignition temperatures ðTiÞmeasured for

the different particle sizes, it was found that the 3.2 nm and

5 nm nanoparticles yielded similar Ti of 580 �C and 588 �C,

respectively, while Ti for the 7 nm nanoparticles was much

higher at 638 �C.

4. Discussion

Previous studies have shown that the oxidation state of the

catalyst can significantly affect the mode of attack in an oxi-

dising environment [2,30]. Oxidised catalyst particles were

found to wet the graphite surface so that gasification pro-

ceeded largely by recession of the graphite steps edges. How-

ever, at higher temperatures the oxide wetting layer was

found to decompose resulting in metallic nanoparticles, so

that the dominant mode of attack switched to channeling.

An intermediate mechanism was also observed where the

channeling particles decreased in size over time as catalyst

material was deposited on the sides of the channel. This re-

sulted in the channel width increasing over time due to edge

recession catalysed by the wetting layer, giving rise to wedge

shape etch channels [38]. In the present study, the channeling

action of the nanoparticles indicates that they comprise

metallic ruthenium. Moreover, we observe that the width of

individual etch channels remains constant as the nanoparti-

cles propagate, implying that there is no shrinkage in size

either through decomposition of ruthenium oxide or wetting

of the graphite edges exposed during channeling. Thermal

desorption spectra (TDS) of oxygen from RuO2(110) epitaxial

films grown on Ru(0001) indicate that the oxide decomposes

in UHV between around 630 �C and 780 �C [39]. Since the oxi-

dation process in the present study peaks at comparable tem-

peratures, i.e. between 600 �C and 750 �C, it is probable that

the nanoparticles remain largely metallic during the gasifica-

tion process. The TDS measurements have also shown that

oxygen chemisorbed on the Ru(0001) surface does not desorb

until above 930 �C [39]. It is therefore likely that chemisorbed

oxygen is present on the surface of the nanoparticles during

the oxidation process in the present study.

Assuming that the nanoparticles are metallic, the question

remains as to how they catalyse the oxidation of the graphite

support. As mentioned earlier, two mechanisms have been

suggested to explain how this might happen; (1) oxygen is

dissociated on the nanoparticle surface and then diffuses to

the graphite edge where it removes undercoordinated carbon

Fig. 7 – STM and SEM measurements of etch channels formed by Ru nanoparticles in a disordered carbon layer formed on

HOPG by Arþ sputtering. (a) 600 nm · 600 nm STM image of 11 nm Ru nanoparticles deposited onto a HOPG surface that was

sputtered for 15 min with 500 eV Arþ ions after oxidation in 10�6 mbar O2 at 760 �C for 10 min. (b) 100 nm · 100 nm constant

current STM image of an individual etch channel. (c) Line-profile taken across the etch channel along the direction indicated

by the line in (b). (d) 10 nm · 10 nm constant current image taken at the bottom of the etch channel showing the atomic

resolution of the graphite surface. (e) 1200 nm · 900 nm SEM image of the surface after catalytic oxidation, the etch channels

formed by the nanoparticles appear brighter than the sputtered carbon layer.
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atoms, and (2) carbon diffuses through or over the nanoparti-

cle to react with chemisorbed oxygen. Both of these mecha-

nisms are illustrated schematically in Fig. 9. In the present

study, it was found that the rate of channel propagation in-

creased for larger nanoparticles. This behaviour indicates

that the rate-limiting step is due to a reaction on the surface

of the nanoparticles, rather than diffusion of carbon through

the particle since the latter mechanism would imply a faster

reaction rate for smaller particles. On the other hand, it is

highly probable that both mechanisms participate in the oxi-

dation process and that their relative contribution is deter-

mined by the temperature and gas pressure. For example,

the carbon transport depicted in Fig. 9b should only increase

with increasing temperature, and may in fact explain the

eventual deactivation of the catalyst at higher temperatures,

seen in Fig. 5. It should also be noted that the behaviour ob-

served here is more analagous to the situation found for cat-

alytic hydrogenation rather than catalytic oxidation. For

example, it has been shown for hydrogenation of graphite

by Pt, Ir and PtIr nanoparticles that the channel propagation

rate increases with increasing particle size [40], while for oxi-

dation of graphite using bimetallic PtIr nanoparticles the

channel propagation rate decreases with increasing particle

size [41]. However, those previous studies were carried out

in much higher gas pressures and focussed on particle chan-

neling on unsputtered graphite.

The data presented in Figs. 5 and 6 clearly demonstrates

that the gasification process depends significantly on the de-

gree of graphitisation of the support. Sputtered HOPG sur-

faces are more easily oxidised than unsputtered HOPG, as

demonstrated by the shift in the gasification temperature to

lower values for more heavily sputtered surfaces. This is also

reflected in the etch morphology obtained on the different

surfaces. Nanoparticles deposited on unsputtered HOPG form

monolayer deep etch channels, which originate from surface

defects such as step edges where C–C bonds can be attacked

more easily than the highly-coordinated atoms of the basal

plane. The orientation of these channels is influenced by

the preferential breaking of certain C–C bonds at the graph-

ite-nanoparticle interface, giving rise to channels that are

typically oriented along either the h11 �20i or h10 �10i set of

crystallographic directions [30]. On the other hand, the layer

of disordered carbon formed by Arþ sputtering is readily at-

tacked, allowing the nanoparticles to channel deeply into

the surface in any direction. In fact, on the sputtered surfaces

the nanoparticles channel through the disordered carbon

layer until the interface with the intact HOPG basal plane is

reached. At this point the channeling of the nanoparticles is

confined to the plane parallel to the disordered carbon/graph-

ite interface. This is illustrated schematically in Fig. 10. In the

extreme case where the surface was pre-sputtered for 60 min

prior, the disordered carbon layer is so thick that the nanopar-

Fig. 8 – (a) 3D scatter plot of the measured channel width,

depth and length after oxidation by 3.2 nm, 5 nm and 7 nm

nanoparticles. (b) Projection of the same data onto the XY,

XZ and YZ planes.

a

b

Fig. 9 – The two proposed mechanisms for the catalysed

oxidation of HOPG by Ru nanoparticles. (a) Oxygen

molecules adsorb dissociatively on the surface of the

nanoparticles (1). The oxygen atoms diffuse to the edge of

the nanoparticle (2), where they extract carbon atoms from

the graphite lattice (3) and desorb as CO (4). (b) Carbon atoms

leave the graphite lattice around/under the nanoparticle (1a,

1b) and diffuse over/through the Ru nanoparticle (2a, 2b).

Oxygen molecules are dissociatively adsorbed on the

nanoparticle surface (3). The diffusing carbon and oxygen

atoms react on the surface of the nanoparticle and desorb as

CO (4).
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ticles can no longer be observed by STM once they have chan-

neled into the surface.

While the unsputtered HOPG support is more stable

against corrosion in an oxidising atmosphere, the sputtered

surfaces are far more effective at stabilising the nanoparticles

against sintering, as shown in Fig. 6. The mean size of the sin-

tered particles decreases significantly when the nanoparticles

are deposited on a pre-sputtered surface. We note that the

sintering of Ru nanoparticles on unsputtered HOPG is much

greater when heated in the presence of O2 compared to heat-

ing to similar temperatures in UHV [32]. Finally, from a com-

parison of the data shown in Figs. 5 and 6 we can suggest four

possible reasons as to why the etching process becomes deac-

tivated at higher temperature; (1) the surface of the nanopar-

ticles becomes poisoned by carbon from the support, (2) in the

case of the disordered carbon layers the supply of loose car-

bon is exhausted, (3) when the nanoparticles channel into

the disordered carbon layer the surface area available for O2

adsorption is minimised and (4) the nanoparticles sinter into

increasingly larger particles that may eventually become

immobile due to their sheer size. We note that Baker and

Chludzinski [30] demonstrated that the catalytic activity of

graphite-supported Ru particles towards hydrogenation of

the support is substantially reduced either by decomposing

acetylene over the catalyst or heating the catalyst/support

in an inert atmosphere. These experiments provide strong

evidence to support the idea that carbon overlayer formation

is responsible for the Ru catalyst deactivation at higher

tempertaures.

5. Conclusions

The catalytic oxidation of graphite surfaces by mass-selected

Ru nanoparticles was studied using STM and TPO. The main

findings can be summarised as follows:

• Arþ ion bombardment can be used to create a layer of dis-

ordered carbon with controlled thickness on the HOPG sur-

face. The depth of the interface between the graphite and

the disordered carbon layer determines whether nanopar-

ticles etch paths perpendicular or parallel to the surface

plane.

• The etch channels are highly directional when the nano-

particles are in contact with the graphite basal plane, but

follow random paths when the nanoparticles etch disor-

dered carbon.

• The gasification temperature depends on the degree of

graphitisation of the support, with more graphitic surfaces

requiring higher temperatures to be catalytically etched.

• The propagation rate of the nanoparticles increases with

the particle size. However, it appears that larger nanopar-

ticles require a higher temperature to initiate gasification.
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Using model catalysts, we demonstrate that CO desorption from Ru surfaces can be switched

from that typical of single crystal surfaces to one more characteristic of supported nanoparticles.

First, the CO desorption behaviour from Ru nanoparticles supported on highly oriented pyrolytic

graphite was studied. Both mass-selected and thermally evaporated nanoparticles were deposited.

TPD spectra from the mass-selected nanoparticles exhibit a desorption peak located around

410 K with a broad shoulder extending from around 480 K to 600 K, while spectra obtained

from thermally evaporated nanoparticles exhibit a single broad feature from B350 K to B450 K.

A room temperature deposited 50 Å thick Ru film displays a characteristic nanoparticle-like

spectrum with a broad desorption feature at B420 K and a shoulder extending from B450 K

to B600 K. Subsequent annealing of this film at 900 K produced a polycrystalline morphology

of flat Ru(001) terraces separated by monatomic steps. The CO desorption spectrum from this

surface resembles that obtained on single crystal Ru(001) with two large desorption features

located at 390 K and 450 K due to molecular desorption from terrace sites, and a much smaller

peak at B530 K due to desorption of dissociatively adsorbed CO at step sites. In a second

experiment, ion sputtering was used to create surface defects on a Ru(0 1 54) single crystal

surface. A gradual shift away from the desorption spectrum typical of a Ru(001) surface

towards one resembling desorption from supported Ru nanoparticles was observed with

increasing sputter time.

I. Introduction

While surface science studies of macroscopic single crystal

surfaces have yielded much valuable insight into the fundamental

principles of heterogeneous catalysts, the well-known materials

gap between surface science and industrial catalysis exists.1–4

Typically, industrial catalysts are much more complex in nature

than the single crystal surfaces encountered in many surface

science studies. A better representation of these materials can

be obtained by studying an ensemble of nanoparticles supported

on a well-defined planar substrate.5–7 Such model systems can

be used to investigate the effect of the particle size and the

influence of the support material on reactivity. Moreover,

nanoparticulate model catalysts are more suited to studying

the correlation between structure and activity in structure-

sensitive reactions because of the resemblance to industrial

catalysts, which comprise a high density of various active sites

such as edge or corner sites, as compared to single crystal

surfaces where the number of equivalent step or kink sites

can be outweighed by several orders of magnitude by less-

active terrace sites.8,9 As part of our efforts to understand the

materials gap we have been investigating the crossover in

desorption behaviour between the two model catalyst systems,

i.e. single crystal surfaces versus supported nanoparticles. Here

we present details of our investigation of the thermal desorption

of CO from a Ru(0 1 54) single crystal surface and from Ru

nanoparticles supported on highly oriented pyrolytic graphite

(HOPG).

Ruthenium is a versatile catalyst, which has been particularly

investigated with respect to methanation and Fischer–Tropsch

synthesis.10–12 As an elementary step in this process the

adsorption of CO on single crystal Ru(001) has been studied

extensively by various surface science methods.13–22 CO adsorbs

on the Ru(001) basal surface in an upright position via the carbon

atom at all coverages up to saturation at around 2/3 of a

monolayer.23–25 The CO molecules adsorb in on-top positions

up to a coverage of 1/3 of a monolayer, forming a (O3�O3)R301

adlayer structure.26–28 At higher coverages, the (O3�O3)R301

structure is disrupted as strong repulsive interactions cause CO

molecules to be displaced from on-top positions (though the exact

microstructure of the higher coverage overlayers is still debated29).
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The change in adlayer structure is reflected in the CO

desorption behaviour. For coverages up to 1/3 of a monolayer

CO desorbs in a single peak decreasing from 480 K to 450 K

with increasing coverage (a1 peak), while for higher coverages
a second peak develops around 350–400 K (a2 peak).

18,22,30,31

In addition to these peaks, which are due to desorption of

molecularly adsorbed CO, an additional much smaller peak

may also be observed at around 530 K, arising from the

desorption of CO that has been dissociatively adsorbed at

step sites (b peak).13,19,21,22,32 This was demonstrated by Shincho

et al.,13 Yamada et al.19 and Zubkov et al.21,22 using isotopic

scrambling experiments, which rely on the recombination and

desorption of atomic carbon and oxygen originating from the

dissociative adsorption of CO. It was furthermore demon-

strated that deposition of carbon at surface steps blocked

them for dissociative adsorption of CO and resulted in the

disappearance of the b peak from CO desorption spectra.22,32

The CO desorption from more open Ru single crystal surfaces

has also been investigated and displays similarities to TPD

spectra obtained from the Ru(001) plane.33–37 For the Ru(110)

plane, for example, the a1 and a2 peaks at similar temperatures

were observed along with two b peaks attributed to dissociation

of CO at different sites. The desorption of CO2 from the Ru(110)

surface at 380–450 K was furthermore observed.

If we consider the information available with regard to CO

desorption from supported Ru nanoparticles, a number of

studies have investigated CO desorption from Ru catalysts

prepared by chemical impregnation of SiO2 and Al2O3

supports.38–42 Typically, two main features were observed in

these studies, a low temperature feature located between 350 K

and 475 K, and a higher temperature feature located between

600 K and 700 K.38–42 The two features at lower temperatures

agree well with the double-peak spectrum obtained from

Ru(001)18,22,30,31 and the variation in the temperatures recorded

for the desorption features in the different studies could be

attributed to the different heating rates used. Moreover, where

desorption experiments were performed in reactors under a He

carrier gas flow,38–41 the measured desorption temperatures

could also be influenced by readsorption of CO, which was

found to shift desorption peaks to higher temperatures.39 The

desorption of CO2 was also observed in some of these studies,

which could be taken as evidence of CO dissociation occuring

over the Ru nanoparticles.39,40,42

Here, we demonstrate that it is possible to link the desorption

behaviour of supported nanoparticles (both mass-selected

particles formed in a magnetron-sputter gas-aggregation

source and vapour-deposited particles) and that of the single

crystal surface using two approaches. In the first case, we

demonstrate the transition from nanoparticle-like CO desorption

behaviour to single-crystal surface behaviour in Ru nano-

particles supported on HOPG. In the second case, we demon-

strate the reverse transition from single-crystal surface to

nanoparticle-like CO desorption behaviour by means of Ar+

ion pre-sputtering of the Ru(0 1 54) surface.

II. Experimental

The experiments were performed in three separate UHV

systems. The experiments on Ru nanoparticles were performed

in a multichamber ultrahigh vacuum (UHV) system (Omicron,

Multiscan Lab) with a base pressure in the low 10�11 mbar

region.43,44 This system is equipped with facilities for combined

scanning tunneling microscopy (STM) and scanning electron

microscopy (SEM), as well as Auger electron spectrsocopy

(AES), ion scattering spectroscopy (ISS) and temperature

programmed desorption (TPD) measurements. The thermal

desorption experiments on the Ru(0 1 54) surface were performed

in a UHV chamber with a base pressure below 10�10 mbar,

which is equipped with facilities for TPD and AES, as well as a

high-pressure cell.32 STM measurements on the Ru(0 1 54)

surface were performed in a UHV chamber with a base pressure

below 10�10 mbar,45 which is equipped with X-ray photo-

electron spectroscopy (XPS) and an Aarhus-type STM.46

A Ru nanoparticles on HOPG

The HOPG substrates (SPI-1, 7 mm � 7 mm � 0.5 mm) were

cleaved in air and mounted in sample holders incorporating

a pyrolytic boron nitride (PBN) radiative heater, which is

capable of heating the sample to temperatures in excess of

975 K. A C-type thermocouple (W-5 at.% Re/W-26 at.% Re)

was placed in contact with the substrate in order to monitor

and control the sample temperature via a PID controller

(Eurotherm 2408). Upon insertion into UHV, the samples

were outgassed for several hours at 775 K to outgas adsorbed

contaminants prior to use. Two different methods were used to

deposit Ru nanoparticles.

In the first method, mass-selected nanoparticles were deposited

from an inert-gas aggregation source (Mantis Deposition

Ltd.), which is described in detail elsewhere.43,44 Briefly, a flux

of Ru atoms is produced by a magnetron sputter head, which

is condensed into nanoparticles upon contact with cooled Ar

gas atoms. The ionised fraction of the nanoparticle beam is

filtered to select the mass of the nanoparticles to be deposited

using a quadrupole mass filter, before the nanoparticles are

soft-landed (i.e. they have a kinetic energy ofr0.1 eV atom�1)

onto HOPG substrates. For these studies, we have investi-

gated both as-cleaved HOPG and surfaces that have been

sputtered for 15 min with 500 eV Ar+ ions at a current density

of B1 mA cm�2 and subsequently outgassed at 935 K. The

15 min sputtering causes defects in at least the first two layers

of the surface.47

In the second method, Ru films were deposited on HOPG

by electron-beam evaporation of a 99.99% purity Ru rod.

The substrates were either as-cleaved or sputtered for 30 s with

500 eV Ar+ ions under the same conditions as those given above.

Sputtering for only 30 s produces approximately 5% of defects in

the topmost surface layer. The substrate was grounded while the

Ru rod was held at a positive bias of 500 V.48 A quartz crystal

balance was used to monitor the deposition rate (typically

0.46–0.9 Å min�1) and estimate the final film thickness.

Ion Scattering Spectroscopy (ISS) was used to confirm the

cleanliness of the HOPG substrate and the deposited Ru

nanoparticles and thin films. The ISS spectra were recorded

using 1 keV He+ ions produced by a differentially pumped

electron impact ion source (ISE 100, Omicron Nanotechnology).

The reflected ions were detected at a 1471 scattering angle with a

hemispherical energy analyser.
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TPD experiments were performed in the preparation chamber

of the UHV system. The samples were dosed with a 1 : 1

mixture of two different isotopically labeled CO molecules,

namely 13C16O (CIL, 99% 13C, o10% 18O)49 and 12C18O

(CIL, 2% 16O). Both gases were dosed simultaneously

using separate leak valves until a total chamber pressure of

2 � 10�8 mbar was attained. The ratio of the two gases was

held constant by monitoring the mass spectrometer signal for

each component. The samples were dosed in this manner for

10 min, corresponding to an exposure of nine Langmuir,

which was sufficient to saturate the surface. It was possible

to observe the saturation in the CO uptake during dosing with

the mass spectrometer. The sample temperature was then

ramped at a rate of 1 K s�1 in UHV and the CO desorption

from the substrate was analysed using a differentially pumped

Balzers QMA 125 quadrupole mass spectrometer. The spectro-

meter was equipped with an oxygen-free high conductivity

(OFHC) copper sniffer tip with a 1 mm diameter aperture,

which is positioned within 0.5 mm of the sample surface. This

arrangement allows the local gas composition above the

sample surface to be measured with negligible contribution

from the sample holder or surroundings.

The isotope exchange reaction (12C18O+ 13C16O- 12C18O+
13C16O + 13C18O + 12C16O) allows us to determine the

relative amount of CO that has been dissociated on the surface

from the TPD spectra. If the adsorbed 13C16O and 12C18O

molecules dissociate on the surface, the dissociated species can

scramble and recombine into the four possible CO isotopologues
12C16O, 13C16O, 12C18O and 13C18O. The TPD mass spectro-

meter signals of 28 amu, 29 amu, 30 amu and 31 amu

were background subtracted and integrated to find the total

desorption of each isotopologue. Particular attention was paid

to the 13C18O signal as this does not have a high natural

background in the UHV chamber like 12C16O, and does not

contribute to molecular desorption like either 13C16O or
12C18O. Assuming an equal probability for scrambling into

each of the four products, the amount of desorbed 13C18O will

account for approximately one quarter of the total amount of

adsorbed CO molecules that have been dissociated.

STM was performed at room temperature in constant

current mode, using electrochemically etched W tips without

any in-vacuum treatments other than applying a series of

voltage pulses (typically 4–9 V for 10–100 ms) or scanning

for several lines with increased bias (U E 2 V) in order to

condition the tip. The typical tunnel parameters used to image

the particles in this study were U = 10–600 mV for the gap

bias and I = 0.1–0.8 nA for the tunnel current. Slow scan

speeds were adopted with a typical line scan frequency of

about 0.5–1 Hz.

B Ru(0 1 54) surface

The samples used for these experiments are Ru(0 1 54) single

crystals (Mateck GmbH.), which on average expose 27-atom

wide (001) terraces separated by monatomic steps. Due to the

hexagonal close-packed structure of Ru, the steps will be of

two alternating structures, one with three-fold symmetry and

the other with four-fold symmetry.22 For the TPD experiments

presented here, a Ru(0 1 54) sample was cleaned by repeated

cycles of sputtering with 1 keV Ar+ ions at 800 K for 30 min,

oxidation in 10�7 mbar O2 at 1100 K for 10 min, reduction

in 10�6 mbar H2 at 500 K for 30 min, and finally annealing

to 1200 K in UHV for 1 min. The cleanliness of the sample was

checked by AES and CO TPD and oxygen titration measure-

ments (which were used to check for carbon contamination).32

TPD measurements were performed using a (Balzers 125)

quadrupole mass spectrometer fitted with a differentially

pumped OFHC copper sniffer tip with a 2 mm diameter

circular aperture. This orifice was positioned at a distance of

0.5 mm from the sample surface, so that only desorption from

the front side of the single crystal was measured. The sample

temperature was measured by means of a C-type thermo-

couple spot-welded to the side of the crystal. The crystal was

mounted on tungsten filaments which were used to provide

direct current heating. During TPD measurements the sample

temperature was ramped linearly at a rate of 2 K s�1.

The sample was mounted in the UHV chamber out of direct

line-of-sight of the ionisation gauge in order to avoid

hot-filament induced chemistry.

A second Ru(0 1 54) sample was used for the STM

measurements, which was cleaned using a similar procedure

to that described above.50 The sample was sputtered using

1 keV Ar+ ions by quickly rastering a 3 mm diameter ion

beam with a current density of 18 mA cm�2 across the sample

surface. The cleanliness was checked using STM, XPS and CO

TPD measurements (the TPD setup was similar to the one

described above). STM measurements were performed at

room temperature in constant current mode, using electro-

chemically etched W tips. Images were typically recorded with

a gap bias of 1 V and a tunneling current of 0.4–1 nA.

III. Results

A Ru nanoparticles on HOPG

The morphology of the mass-selected nanoparticles has been

described in detail elsewhere.43,44 Depositions were carried out

so that between 10% and 40% of the HOPG surface was

covered by a monodisperse distribution of nanoparticles

with a mean diameter in the range from 2 nm to 15 nm.51

Transmission electron microscopy (TEM) was used to measure

the particle size distributions obtained after mass filtering

and it was found that the diameters of the nanoparticles

were distributed within �15% of the mean diameter. TEM

measurements revealed that smaller nanoparticles displayed

more well-defined facets, while larger nanoparticles were

found to be irregular in shape with evidence of signifi-

cant surface roughness.44 An example of a STM image of

mass-selected 9.7 nm Ru nanoparticles on HOPG is shown in

Fig. 1(a). We have previously established that the morphology

of nanoparticles supported on sputtered or as-cleaved HOPG

is basically the same.43 Fig. 1(b) shows the total CO desorption

spectrum obtained from 9.7 nm Ru nanoparticles. The TPD

spectrum is characterised by a desorption peak located around

410 K, followed by a broad shoulder extending from around

480 K to 600 K. The molecularly- and dissociatively-adsorbed

components of the TPD spectrum [also shown in Fig. 1(b)] can

be deconvoluted by utilising the isotope exchange reaction,
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12C18O + 13C16O - 12C18O + 13C16O + 13C18O + 12C16O,

which is expected to occur after CO dissociation. It is clear that

the large desorption peak located around 410 K corresponds

to the molecularly desorbed component (i.e. mass-29 and

mass-30 CO), while desorption of dissociatively adsorbed

CO (here only mass-31 CO is used in the analysis), which displays

peaks at 450 K and 530 K, is largely responsible for the broad

shoulder up to 600 K seen in the total CO desorption spectrum.

Fig. 2 shows three successive CO TPD spectra obtained

from 9.7 nm Ru nanoparticles on as-cleaved HOPG. The main

desorption feature, which is located around 410 K in the first

TPD, shifts to 375 K in the second and third spectra. There is

also a substantial loss in the CO desorption area (63%) between

the first and second TPD, and a smaller drop (30%) between

the second and third TPD. This behavior was consistently

observed for different nanoparticle sizes on as-cleaved and

sputtered HOPG. It was usually found that the loss in desorption

area became small or negligible after the second or third TPD.

Three mechanisms can be identified as candidates for this

deactivation: (1) sintering, (2) poisoning by loose carbon from

the support, and (3) annealing-out of the initial surface rough-

ness of the as-deposited nanoparticles. We have previously

confirmed by STM that small nanoparticles (e.g. B3 nm)

deposited onto as-cleaved HOPG do sinter at elevated tempera-

tures (775–975 K).43 We have also performed oxygen titration

experiments (not presented here), which indicate that carbon

is present at the surface of the nanoparticles after heating

to temperatures comparable to those encountered during the

desorption experiments. We can therefore confirm that both

of these mechanisms contribute to the deactivation of the

nanoparticles, while the third proposed mechanism requires

further investigation by performing annealing experiments in

the TEM.

Fig. 3 compares the total CO TPD spectra obtained from

nanoparticles of different sizes supported on as-cleaved

HOPG. The curves have been normalised to the same peak

height in order to compare their shape. The TPD spectra are

qualitatively similar being characterised by a broad desorption

feature with a peak around 410–420 K and a broad shoulder

extending from B450 K to B600 K. The low-temperature

shoulder along with the high-temperature tail seems to increase

as the nanoparticle size decreases, being most prominent for

the 2.5 nm size. In previous studies of PVD grown Ru nano-

particles on mica, the position of the CO desorption feature

was not observed to change substantially with the mean

particle size.52

In addition to investigating the CO desorption behavior

from mass-selected nanoparticles produced using the inert-gas

aggregation source, we have also investigated the CO desorption

behavior of PVD-grown Ru nanoparticles on HOPG. The

morphology of these nanoparticles has been discussed in detail

elsewhere.43 Briefly, Ru films deposited onto as-cleaved HOPG

at room temperature were found to display bimodal growth

with small round nanoparticles decorating the substrate step

edges and large flat nanoparticles formed on the terraces. The

mean diameter of these nanoparticles was between 3 nm and

5.5 nm and their mean height was around 1.5 nm, while the

spread in the measured size distributions was of the order of

�30%. On sputtered HOPG, room temperature deposition of

Ru results in the formation of small round nanoparticles with

a narrow size distribution. In this case, the mean particle

diameter was approximately 2.3 nm and the mean height

was close to 1.3 nm, while the spread in the measured particle

size was �20%. Examples of these two nanoparticle morpho-

logies are shown in Fig. 4(a) and (c), which show STM images

of 1 Å Ru films deposited on as-cleaved and sputtered HOPG,

respectively. These images were obtained after CO TPD

measurements were made. The average diameter of the nano-

particles from the 1 Å deposition was 5.2� 2.1 nm on the terraces

Fig. 1 STM and CO desorption from size-selected Ru nanoparticles

on HOPG. (a) STM image of 9.7 nm Ru nanoparticles on sputtered

HOPG. (b) CO TPD spectrum obtained from 9.7 nm Ru nanoparticles

on as-cleaved HOPG, showing the total CO desorption, as well as the

contributions from molecularly- and dissociatively-adsorbed CO.

Fig. 2 Three successive CO TPD spectra obtained from 9.7 nm

mass-selected Ru nanoparticles on as-cleaved HOPG, showing a drop

in the desorption area.

Fig. 3 CO TPD spectra obtained for different sized Ru nanoparticles

supported on as-cleaved HOPG. The curves have been normalised to

the same peak height.
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and 3.9 � 1.0 nm along the steps, in the case of deposition on

the as-cleaved HOPG surface [cf. Fig. 4(a)], and 2.1 � 0.5 nm

in the case of deposition on the pre-sputtered HOPG

[cf. Fig. 4(c)]. The heights of the nanoparticles were on the

order of 1–2 nm.43 Fig. 4(b) and (d) show CO desorption

spectra for different nominal film thicknesses deposited on (b)

as-cleaved HOPG and (d) HOPG sputtered for 30 s with 500 eV

Ar+ ions. The desorption spectra are characterised by a single

broad feature fromB350 K toB450 K. For Ru nanoparticles

deposited on as-cleaved HOPG the CO desorption area increases

continuously with increasing nominal film thickness in the

thickness range investigated here [see Fig. 4(b)]. This reflects

the fact that the HOPG surface is gradually covered by Ru

nanoparticles with increasing film thickness. By contrast, there

is a substantial jump in the CO desorption area from the 0.25 Å

to 0.5 Å Ru films on sputtered HOPG, after which the amount

of CO desorbing from the surface remains approximately

constant. In this case, the HOPG surface is partially exposed

for the 0.25 Å film, but is almost completely saturated by Ru

nanoparticles at a nominal film thickness of 0.5 Å [see Fig. 4(d)].

Thereafter, the total Ru surface area exposed to CO remains

approximately constant for thicker films.43 As was the case for

the mass-selected nanoparticles, successive TPD spectra of the

vapour-deposited nanoparticles (not shown here) also displayed

deactivation of the nanoparticles between the first and second

TPD measurements.

We have examined the CO desorption behaviour of these

PVD-grown Ru films up to the extreme case of a 50 Å Ru thin

film. Fig. 5(a) shows an image of a 50 Å Ru film deposited on

as-cleaved HOPG at room temperature. The surface morphology

of the film comprises nanoparticles with a mean diameter of

6 � 2 nm. The substrate cannot be imaged by STM as the film

is several layers thick. Fig. 5(b) shows the corresponding CO

desorption spectrum, which shows a single broad desorption

feature centered around 420 K and a broad shoulder from

500 K to 600 K. After obtaining this spectrum the film was

annealed for 10 min at 900 K in UHV. The resulting film

morphology, shown in Fig. 6(a), is polycrystalline with large

flat terraces separated by monatomic steps. The corresponding

CO desorption spectrum is shown in Fig. 6(b), and shows two

desorption features at B390 K and B450 K. An additional,

smaller peak can be seen atB530 K. This spectrum agrees well

with the typical desorption spectrum obtained from the

Ru(001) facet.18,22,30–32 The two principal peaks can be attributed

to desorption of molecularly adsorbed CO from the terraces

(a peaks), while the smaller peak can be attributed to desorption

of dissociatively adsorbed CO from step sites (b peak).13,22

B Ru (0 1 54) surface

Fig. 7(a) and (b) show STM images of the non-sputtered Ru

(0 1 54) surface and the same surface after sputtering for

5 min, respectively. The non-sputtered surface is characterised

by terraces with a width varying between 4 nm and 10 nm,

encompassing the expected average terrace width of 6.5 nm

(corresponding to 27 atoms), and separated by straight monatomic

steps with a measured height of 0.21 � 0.01 nm, which is in

good agreement with the distance between the (001) planes of

ruthenium. In comparison, the steps on the sputtered surface

display a high degree of roughness, while small islands are

Fig. 4 STM and CO TPD measurements of Ru films deposited onto

HOPG. (a) STM image of a 1 Å Ru film deposited onto as-cleaved

HOPG. The average diameter of the terrace nanoparticles was 5.2 nm

and their average height was 1.7 nm. (b) CO TPD spectra from

0.25–2.0 Å Ru films on as-cleaved HOPG. (c) STM image of a 1 Å

Ru film deposited onto HOPG that has been pre-sputtered with 500 eV

Ar+ ions for 30 s. The average nanoparticle diameter was 2.1 nm and

the average height was 1.1 nm. (d) CO TPD spectra from 0.25–2.0 Å

Ru films on sputtered HOPG.

Fig. 5 (a) STM image of a 50 Å Ru film deposited on as-cleaved

HOPG at room temperature. (b) The corresponding CO TPD spectrum

obtained from the film, showing the total CO desorption, as well as the

contributions from molecularly- and dissociatively-adsorbed CO.

Fig. 6 (a) STM image of a 50 Å Ru film deposited on as-cleaved

HOPG after annealing in UHV at 900 K for 10 min. (b) The

corresponding CO TPD spectrum obtained from the film, showing

the total CO desorption, as well as the contributions frommolecularly-

and dissociatively-adsorbed CO.
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evident on the terraces, which are presumably formed by

surface restructuring as a result of the sputtering process.

Fig. 7(c) shows a sequence of CO desorption spectra obtained

from the Ru(0 1 54) surface after different periods of sputtering

with 1 keV Ar+ ions at room temperature. The CO desorption

spectrum from the non-sputtered surface shows two desorption

peaks located at 390 K and 460 K that are characteristic of CO

desorption from (001) terraces (a1- and a2-peaks) and a peak at

B535 K corresponding to the dissociative adsorption at step sites

(b-peak).18,22,30–32 However, with increased surface sputtering a

gradual transition is observed between the double-peak spectrum

towards a single broad feature centered around 420 K. The

desorption feature seen at 390 K on the non-sputtered surface

gradually disappears with increased sputtering time until it is

no more than a shoulder on the low-temperature side of the

main desorption feature seen for the 5 min sputtered surface. In

addition, the peak at 460 K on the non-sputtered surface

gradually shifts down in temperature with increased sputtering

time until the feature is located around 420 K.

It should be pointed out once again that the STM and TPD

data of the Ru(0 1 54) surface presented here were obtained in

two different UHV systems. However, in both cases the clean-

liness of the surface before and after sputtering was confirmed

(by XPS in the case of the STM measurements, and by AES

and oxygen titration measurements in the case of the TPD

experiments) to ensure that a contamination level below B1%

was obtained. Moreover, CO TPD measurements were also

performed in the STM system, which yielded qualitatively

similar results to those presented here.

IV. Discussion

A Comparison of desorption energies

As demonstrated in Section IIIA the isotope exchange reaction

unambiguously identifies molecular desorption being responsible

for the main desorption feature at 410–420 K, while dissociative

adsorption is responsible for smaller features at 430 K and

500 K. For comparison, Table 1 gives a summary of the CO

desorption features reported from various studies (including

this study) of supported Ru nanoparticles and single crystal

surfaces. For the purposes of comparing our results to litera-

ture values, desorption energies based on the data presented in

Table 1 are calculated and presented together in Fig. 8. The

desorption features were classified into two categories corres-

ponding to molecular (first-order) and dissociative (second-order)

adsorption on the basis of the literature surveyed in Section I.

The first-order desorption energies were calculated using the

Redhead equation53 and assuming a pre-exponential factor of

1013 s�1. The second-order desorption energies were solved

iteratively using the equation:54

EdesðyÞ ¼ RTp ln
2ynðyÞRT2

p

EdesðyÞb

 !
ð1Þ

where Tp is the desorption peak temperature, y is the remaining

CO coverage (assumed to be half the initial coverage) and

R is the gas constant. The desorption energy Edes and the

pre-exponential factor n are both assumed to be constant with

coverage, where n = 1013 s�1.

From our CO TPD experiments on graphite-supported nano-

particles, we calculate desorption energies of 112–113 kJ mol�1,

which agree reasonably well with the values calculated from

previous studies of oxide-supported nanoparticles,38–42 particularly

Fig. 7 STM and CO TPD measurements from a Ru(0 1 54) single

crystal surface before and after Ar+ ion sputtering. (a) STM image of

the clean non-sputtered Ru(0 1 54) surface. (b) STM image of the same

surface after sputtering with 1 keV Ar+ ions for 5 min. (c) Sequence of

CO TPD spectra obtained from the Ru(0 1 54) surface after sputtering

with 1 keV Ar+ ions for increasing periods of time.

Table 1 Summary of CO desorption features from saturation coverages
of CO on various supported Ru nanoparticles and single crystal
surfaces. The peak temperatures for the different desorption features
and the heating rate are listed. Temperature intervals for some features
have been indicated by hyphenated values. The desorption features have
been classified into two categories; Ta representingmolecular desorption
and Tb representing dissociative adsorption

System Ta/K Tb/K
Heating
rate/K s�1

Ru NPs/HOPGa 410-420 450, 530 1
50 Å Ru/HOPG
(as-deposited)a

420 450, 530 1

50 Å Ru/HOPG
(annealed)a

390, 450 530 1

Ru/mica52 B410 1.5
Ru/Al2O3

38 375 475, 600–630 1
Ru/Al2O3

39 460 620 1
Ru/SiO2

40 450 650 1.5
Ru/SiO2

41 405, 473 698 0.17
(001)18,30 405-420, 465-480 5
(109)22 400, 450 535 2
(0 1 54)32 B390, B460 535 2
(0 1 54) non-sputtereda B390, B460 535 2
(0 1 54) sputtereda B420 2
Ru(S)-[15(001)�2(100)]20 400, 470 520 9
(1 1 10)13 460 B580 15
(2 �1 10)19 B460 B530 7.7
(2 �1 22)19 B470 B530 5.2
(101)33 B480 B520 30
(100)34 B403, B495 8
(100)35 350, 380, 500 4
(100)36 375, B400, B500 8.7
(110)37 400, 440-460 500, 540 3

a This work.
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with the case of PVD-grown nanoparticles on mica, see Fig. 8.52

On the other hand, the desorption energies for dissociatively

adsorbed CO (122 kJ mol�1 and 144 kJ mol�1) calculated for

our graphite supported nanoparticles are much lower than

those estimated from the data available from these other

studies, where a high temperature desorption feature was

typically observed between 600 K and 700 K, corresponding

to desorption energies around 164–201 kJ mol�1. The origins

of these high temperature peaks were investigated by McCarty

and Wise38 who used isotopic scrambling of 13C16O and
12C18O to investigate the dissociation of CO over Ru/Al2O3.

While they observed isotope exchange atB475 K (129 kJ mol�1),

which is in reasonable agreement with the results obtained

in the present study, they also observed an unusual behaviour

at B600 K where the levels of 18O containing isotopologues

(12C18O and 13C18O) were found to decrease, while the

levels of 16O containing isotopologues (12C16O and 13C16O)

increased. This indicated that an excess of 16O was being

derived from some source, though the Al2O3 support was

ruled out as a potential source on the basis of blank TPD

measurements. As a result, the nature of the higher tempera-

ture desorption feature observed between 600 K and 700 K in

most of these studies has not been adequately explained and

may be linked to the method of preparing the catalyst, i.e. wet

impregnation.

B Origins of the nanoparticle desorption spectra

Compared to the single crystal surfaces, the desorption

energies calculated for both molecularly- and dissociatively-

adsorbed CO on the supported nanoparticles in the present

study generally fall within the range of energies calculated for

both the basal Ru surface and for more open surfaces. This

may be attributed to the fact that the nanoparticles expose

facets with different orientations. In the simplest represen-

tation of the nanoparticle shape, i.e. the Wulff construction,

the nanoparticles will principally comprise (001), (101) and

(100) facets, as these have the lowest surface free energy.44,55

Consequently, the desorption spectra should mainly contain

contributions from these facets. However, we have previously

shown that the shape of the mass-selected Ru nanoparticles

departs from the Wulff construction,44 and consequently the

CO desorption behaviour is expected to be more complex than

one based on this simple model. In addition to the orientation

of the facets exposed on the nanoparticle surface, their size

may also influence the desorption spectra. For example, it

has been shown that the double-peak molecular desorp-

tion feature characteristic of the Ru(001) facet appears to be

inhibited on stepped Ru single crystal surfaces when the

average terrace width is sufficiently narrow.13,19 Shincho

et al.13 found a single desorption feature during CO desorption

from a Ru(S)-[5(001)�(110)] surface comprising five-atom

wide (001) terraces,56 whereas Westre et al.20 and Zubkov

et al.22 observed two desorption features during desorption

from saturated CO coverages on Ru(S)-[15(001)�2(100)]
and Ru(S)-[9(001)�2(101)] surfaces comprising fifteen- and

nine-atom wide (001) terraces, respectively. There are two

possible explanations for this: (1) the terraces are too small

to accommodate the ordered overlayer structures found on

extended (001) facets and (2) a localised lattice strain is produced

in the vicinity of steps, which has been shown to influence CO

adsorption.57 In the case of nanoparticles, where facet sizes

can be comparably small to the terrace widths found on highly

stepped single crystal surfaces, both of these mechanisms may

play a role in determining the CO desorption behaviour from

the nanoparticle surface. In Fig. 4, a change in the desorption

spectrum may be present for the smallest (i.e. 2.5 nm) of the

nanoparticles with an increase in the low-temperature

shoulder and in the high-temperature tail. This suggests that

different sites are relatively more abundant on the very

small nanoparticles. Detailed investigations of several mass-

selected nanoparticle sizes in the 1–5 nm range are needed

before conclusions can be made, but it is interesting to note

that carbon-supported cobalt nanoparticles, which—just

like ruthenium—are catalysts for the Fischer–Tropsch (FT)

reaction, show an increase in FT activity for the very small

sizes.58

It should also be pointed out that pre-adsorption of a

small amount of O2 or H2O onto the Ru(001) surface prior

to CO adsorption can substantially shift the TPD spectrum

from the double-peak spectrum to a spectrum similar to that

obtained from supported nanoparticles.59,60 However, in

the present study ISS measurements performed on the nano-

particles both before and after the TPD experiments showed

no evidence of oxygen (i.e. below the detection limit of 1% of a

monolayer). This indicates that the shape of the TPD spectra

is related to the structure of the clean nanoparticle surface. We

therefore conclude that the TPD spectrum obtained from

the nanoparticles can be linked to a combination of the

compact facet size on the nanoparticle surface, and the fact

that more open facets may be exposed. This is particularly

true when the shape of the nanoparticles departs from the

equilibrium shape. Moreover, we observe two features corres-

ponding to desorption of dissociatively adsorbed CO at

450 K and 530 K (desorption energies of 122 kJ mol�1

and 144 kJ mol�1, respectively), which point to the presence

of two main dissociation sites for CO on the nanoparticle

surface.

Fig. 8 Summary of the desorption energies calculated using the data

presented in Table 1. Open symbols are data taken from previous studies,

while filled symbols are taken from the present study. Temperature

intervals for certain features are indicated by error bars.
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C Crossover in desorption behaviour

A key result of the present study is that we have been able

to demonstrate the crossover in CO desorption behaviour

between Ru nanoparticles and the basal Ru surface simply

by annealing a PVD-grown thin film to high temperature. The

fact that we observe dissociative CO adsorption both before

and after annealing the film proves that the surface remains

free of carbon from the support, which would otherwise block

the undercoordinated sites responsible for CO dissociation

on the surface.22,32 A key element in the formation of the

polycrystalline film in Fig. 6 is that an epitaxial relationship

exists between the vapour deposited Ru and the HOPG surface.

In the case of the mass-selected nanoparticles discussed earlier,

no such epitaxial relationship is obtained since the nanoparticles

are formed before deposition and assume random orientations

when landed on the surface. As expected, it was therefore not

possible to obtain a morphology like that shown in Fig. 6(a)

by annealing a thin film of mass-selected nanoparticles at 900 K.

However, we believe that this should in principle be possible if

higher anneal temperatures are used, which was not possible

with the existing experimental set-up.

It was also possible to demonstrate the reverse transition in

desorption behaviour between that of the basal Ru surface and

that of Ru nanoparticles by sputtering a single crystal surface. As

the amount of sputtering increases the amount and type of surface

sites change as probed by the CO TPDs in Fig. 7(c). It is seen that

the amount of step sites giving rise to the small shoulder at 510 K

for the non-sputtered surface increases with more sputtering and

changes into a broad feature ranging from below 500 K to at least

600 K for the most sputtered surface. This indicates that the

sputtering introduces more undercoordinated sites, and that

different kinds of sites exist giving rise to different desorption

temperatures of dissociatively adsorbed C and O. More detailed

STM studies of the sputtered surface would be required to

identify the different site configurations.

It was found that the molecular desorption feature at 390 K

gradually disappears, while the desorption feature at 460 K,

corresponding to more strongly bound molecular CO, shifts

downwards in temperature with increased sputtering. This can

be rationalized as an effect of having smaller average terrace

sizes on the sputtered surface. As mentioned earlier, the terraces

may be too small to accommodate the ordered overlayer struc-

tures found on extended (001) facets. Also, it has previously

been suggested by Jakob et al.57 that the region 1–2 nm from

the step exhibits a compressed lattice, which would result

in a weaker binding of CO.61 With a higher abundance of

terrace sites in close proximity to a step, more weakly bonded

CO would be expected, in excellent agreement with our

CO TPDs.

It is observed that desorption of CO from the sputtered

surface starts immediately upon heating from room tempera-

ture, whereas the desorption from the non-sputtered surface

does not start until around B20 K above room temperature.

This indicates that our CO TPD spectra from the sputtered

surfaces do not probe all sites available on the surface, as the

TPD spectrum from the non-sputtered surface appears to do.

As such, one should not attempt to rationalise the apparent

trend in Fig. 7(c) that the total CO desorption area decreases

with increased sputtering time, until TPD experiments starting

from below room temperature are performed.

V. Summary

We have compared the CO desorption characteristics of a

stepped Ru(001) single crystal with Ru nanoparticles supported

on graphite and have established the crossover in CO desorption

behaviour between the two. Our main findings were:

�Mass-selected Ru nanoparticles deposited on HOPG display

a single CO desorption feature around 410–420 K followed by

a broad shoulder from 480 K to 600 K. Utilising the isotope

exchange reaction we have established that the larger peak at

410–420 K is principally due to molecularly desorbing CO,

while the shoulder is due to desorption of dissociatively

adsorbed CO.

� Successive TPDmeasurements result in deactivation of the

nanoparticles due to sintering and/or poisoning of the catalyst

surface by carbon from the support. A possible third deactivation

mechanism involves annealing-out the non-equilibrium surface

features of the nanoparticles.

�Ru nanoparticles grown on HOPG by vapour deposition

display broadly the same characteristics as the mass-selected

nanoparticles. Moreover, by annealing a PVD-grown thin film

we demonstrate a crossover in CO desorption spectra from

that characteristic of supported nanoparticles to one charac-

teristic of a stepped Ru(001) single crystal surface.

� Starting from a stepped Ru(001) single crystal surface we

have also demonstrated the reverse transition from single

crystal to nanoparticle-like CO desorption behaviour by means

of Ar+ ion sputtering.

We have shown that it is possible to vary the desorption

behaviour between the two model catalyst systems by using

straightforward sample preparation methods. These results

demonstrate the complementary nature of both model catalyst

systems and affirm the validity of studying both in order to

narrow the materials gap to more complex industrial catalysts.

With further work, for example using more well-defined Wulff

constructed nanoparticles or mesoscale crystals,62 even greater

insight into the crossover between the desorption behavior of

single crystal surfaces and supported nanoparticles can be

obtained.

This work was supported by the Danish National Research

Foundation and the EU FWP7 Marie Curie Intra-European

Fellowship ESRCN (PIEF-GA-2008-220055).
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M. Bäumer and H. Hamann, Top. Catal., 2001, 15, 201.

7 S. Haq and R. Raval, Phys. Chem. Chem. Phys., 2007, 9, 3641.
8 S. Dahl, P. A. Taylor, E. Törnqvist and I. Chorkendorff, J. Catal.,
1998, 178, 679.

D
ow

nl
oa

de
d 

by
 D

T
U

 L
ib

ra
ry

 o
n 

12
 M

ay
 2

01
1

Pu
bl

is
he

d 
on

 0
3 

M
ay

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1C
P2

03
71

A

View Online



This journal is c the Owner Societies 2011 Phys. Chem. Chem. Phys.

9 S. Dahl, A. Logadottir, R. C. Egeberg, J. H. Larsen, I. Chorkendorff,
E. Törnqvist and J. K. Nørskov, Phys. Rev. Lett., 1999, 83, 1814.

10 R. A. Dalla’Betta and M. Shelef, J. Catal., 1977, 48, 111.
11 H. Abrevaya, M. J. Cohn, W. M. Targos and H. J. Robota,

Catal. Lett., 1990, 7, 183.
12 R. J. Madon, S. C. Reyes and E. Iglesia, J. Phys. Chem., 1991, 95,

7795.
13 E. Shincho, C. Egawa, S. Naito and K. Tamaru, Surf. Sci., 1985,

149, 1.
14 J. C. Fuggle, E. Umbach, P. Feulner and D. Menzel, Surf. Sci.,

1977, 64, 69.
15 H. Pfnür, P. Feulner, H. A. Engelhardt and D. Menzel, Chem.

Phys. Lett., 1978, 59, 481.
16 P. Feulner, H. A. Engelhardt and D. Menzel, Appl. Phys., 1978, 15,

355.
17 J. A. Schwarz and S. R. Kelemen, Surf. Sci., 1979, 87, 510.
18 H. Pfnür, P. Feulner and D. Menzel, J. Chem. Phys., 1983, 79,

4613.
19 T. Yamada, Y. Iwasawa and K. Tamaru, Surf. Sci., 1989, 223, 527.
20 E. D. Westre, D. E. Brown, J. Kutzner and S. M. George,

Surf. Sci., 1994, 302, 280.
21 T. Zubkov, G. A. Morgan and J. T. Yates, Chem. Phys. Lett.,

2002, 362, 181.
22 T. Zubkov, G. A. Morgan, J. T. Yates, O. Kühlert, M. Lisowski,
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The active sites for CO dissociation were probed on mass-selected Ru nanoparticles on a HOPG

support by temperature programmed desorption spectroscopy using isotopically labelled CO.

Combined with transmission electron microscopy we gain insight on how the size and morphology

of the nanoparticles affect the CO dissociation activity. The Ru nanoparticles were synthesized in a

UHV chamber by gas-aggregation magnetron sputtering in the size range from 3 to 15 nm and the

morphology was investigated in situ by scanning tunneling microscopy and ex situ by high

resolution transmission electron microscopy. Surprisingly, it was found that larger particles were

more active per surface area for CO dissociation. It is suggested that this is due to larger particles

exposing a more rough surface than the smaller particles, giving rise to a higher relative amount of

under-coordinated adsorption sites on the larger particles. The induced surface roughness is

proposed to be a consequence of the growth processes in the gas-aggregation chamber.

1 Introduction

Heterogeneous catalysis is a surface phenomenon, so accord-

ingly the surface-to-volume ratio must be maximized to utilize

the active material most efficiently, and the active material is

thus typically highly dispersed into nanoparticles on a high

surface area support. Apart from gaining surface area, decreasing

the particle size belowB10 nm significantly changes the structure

as well as the catalytic properties of metal nanoparticles, and in

this size range the catalytic properties have in many cases been

reported to be strongly dependent on the particle size.1–6 A clear

example is the size dependence of low temperature CO oxidation

over supported Au nanoparticles, which shows a remarkable

increase in turnover frequency when the particle diameter is

reduced below B5 nm,7,8 reaching a maximum at B2–3 nm.9

CO oxidation over supported Ru nanoparticles in the range of

2–6 nm has on the other hand been shown to increase with

increasing particle size.10 It has also been shown that the

Fischer–Tropsch reaction over supported Co nanoparticles is

strongly size dependent and it was demonstrated that the activity

drops when the particle diameter is reduced below 6–8 nm.11 The

origin of the size dependence observed in the aforementioned

examples as well as the nature of the active sites are still under

debate in the literature and are currently being studied intensively.

For decades, the origin of the structure dependence of

different chemical reactions over various metal surfaces has

been investigated in detail by reducing complexity to a minimum,

studying well-defined single crystals as model catalysts under ultra-

high vacuum (UHV) conditions by surface science techniques.12–15

N2 dissociation on Ru, the rate-limiting step in ammonia

synthesis, was found to be extremely structure sensitive with

nine orders of magnitude higher adsorption rate at step sites

(so-called B5 sites) relative to the facets on the Ru(001)

surface.16,17 Recently, these B5 sites were also shown to be

active for N2 dissociation on Ru nanoparticles.18 Additionally,

a recent computational study on the structure and reactivity of

Ru nanoparticles for ammonia synthesis by Gavnholt and

Schiøtz combined detailed structural calculations with calculated

single site activities and found the optimal particle diameter to be

approximately 3 nm.19 In the case of CO dissociation, which is

believed to be the rate-limiting step in both methanation and

Fischer–Tropsch synthesis, it has been found by thermal

desorption studies and density functional theory (DFT) calcula-

tions to occur predominantly at step sites on close packed Ru

single crystal surfaces,20–25 but more open surfaces have also

been reported to be active.26–28 The influence of monoatomic

steps and defect sites for the methanation reaction was investi-

gated by Vendelbo et al. on the Ru(0 1 54) (Ru(001) with 4%

steps) surface, and it was shown that under-coordinated sites

such as steps and kinks were the active sites, thus concluding that

the methanation reaction over Ru is structure sensitive.29 These

studies demonstrate the sensitivity of the catalytic behaviour to

the atomic structure and the important role of under-coordinated

surface sites. Detailed insight on structure sensitivity is thus

highly relevant for understanding the reactivity of nanoparticles

as the structure of nanoparticles is more composite. Equilibrium

shaped crystalline nanoparticles predominantly expose the low

index facets along with under-coordinated sites which may also be

Center for Individual Nanoparticle Functionality,
Technical University of Denmark, 2800 Kgs. Lyngby, Denmark.
E-mail: ibchork@fysik.dtu.dk

PCCP Dynamic Article Links

www.rsc.org/pccp PAPER

D
ow

nl
oa

de
d 

by
 N

ew
 C

op
en

ha
ge

n 
U

ni
ve

rs
ity

 o
n 

04
 J

un
e 

20
12

Pu
bl

is
he

d 
on

 3
0 

M
ar

ch
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2C

P4
03

69
B

View Online / Journal Homepage / Table of Contents for this issue



8006 Phys. Chem. Chem. Phys., 2012, 14, 8005–8012 This journal is c the Owner Societies 2012

found on their single crystal counterpart, whereas highly under-

coordinated surface atoms like edges and corners cannot directly

be described by a single crystal model system, as is the case with

any support effects. For equilibrium shaped particles the size and

crystal structure will dictate the morphology and decreasing the

particle size will inherently increase the concentration of corner

and edge atoms and other under-coordinated atoms due to edge

reconstructions and the existence of partially filled facets or

ad-atoms. However, the results presented in this paper show

that the particles have rough surfaces and non-equilibrium

shapes. The concentration of active sites is therefore governed

by the degree of surface roughness and not by particle size.

Model catalyst systems consisting of mass selected nano-

particles deposited on well-defined planar supports can act as a

link between reactivity studies on single crystals and high

surface area support catalysts. The model system can simulate

the complexities of reactions on supported catalysts, and has

the advantage that this approach facilitates greater control

over particle size distribution and support structure and enables

a detailed structural and compositional analysis through already

known surface science techniques. Such detailed control and

analysis can be challenging on high surface area catalysts. Such

model systems are therefore well suited to investigate the effect

of particle size and support material on the reactivity.30–35

Recently, we have investigated the morphology of mass

selected Ru nanoparticles by scanning tunnelling microscopy

(STM) and transmission electron microscopy (TEM)36 and

compared the CO desorption behaviour of Highly Ordered

Pyrolytic Graphite (HOPG) supported Ru nanoparticles to

that of a Ru single crystal by a method that allowed us to

follow the gradual change from single crystal like behaviour

to nanoparticle like behaviour and vice versa.37

In this paper, we probe the active sites for CO dissociation

on mass-selected Ru nanoparticles on a HOPG support. The

sample preparation as well as sample characterisation, CO

dosing and desorption measurements were performed under

UHV conditions, which allow excellent control over particle

size, composition and cleanliness without the need for removing

surfactants or other contaminants. In the following we will show

that the activity per surface area for CO dissociation on Ru

particles with diameters of 3–15 nm increases with increasing

particle size. These findings are based on thermal desorption

experiments while monitoring the isotopic exchange reaction using

isotopically labeled CO, combined with structural characterization

by in situ STM and by ex situ TEM. The increase in activity is

correlated to the surface roughness since the shape of larger

nanoparticles is more non-equilibrated, thereby exposing a

higher proportion of under-coordinated active sites for CO

dissociation. It is proposed that the non-equilibrium shape is

due to the particle formation process.

2 Experimental

The experiments were performed in a multichamber ultrahigh

vacuum (UHV) system (Omicron, Multiscan Lab) with a base

pressure in the 10�11 mbar region. The system is equipped with

facilities for STM, scanning electron microscopy (SEM), Auger

electron spectroscopy (AES), ion scattering spectroscopy (ISS)

and temperature programmed desorption (TPD) measurements.

The HOPG substrates (SPI-1, 7 mm � 7 mm � 0.5 mm) were

cleaved in air and mounted on sample holders incorporating

a pyrolytic boron nitride (PBN) radiative heater, which is

capable of heating the sample to temperatures in excess of

700 1C. A W–5 at% Re/W–26 at% Re thermocouple was

placed in contact with the substrate in order to monitor

and control the sample temperature via a PID controller

(Eurotherm 2408). Upon insertion into UHV, the samples

were outgassed for >5 hours at 500 1C to outgas adsorbed

contaminants prior to use. The influence of the degree of

graphitisation of the support on the catalyst behaviour was

investigated by comparing non-sputtered HOPG surfaces with

those that had been sputtered with 500 eV Ar+ ions at a target

current density of B1 mA cm�2 for 15 min. The sputtered

surfaces were heated to 527 1C for a further 15 min to

de-gas the surface from implanted Ar prior to nanoparticle

deposition.

Gas aggregated mass-selected Ru particles were deposited

onto the HOPG substrates at room temperature using an inert

gas-aggregation source (Mantis Deposition Ltd., Nanogen 50).

A full description of the source and the deposition layout

is given elsewhere.36,38 In brief, nanoparticles are formed by

gas-phase condensation of a flux of Ru atoms that are

sputtered from a 99.99% pure Ru target using a magnetron

sputter source. The magnetron is housed in a liquid nitrogen

cooled enclosure with a small aperture at one end. Argon gas is

introduced locally around the magnetron and is pumped away

via the aperture. The relatively cold argon gas thermalises the

sputtered Ru atoms so that they condense into clusters and

afterwards grow into nanoparticles. The size of the nano-

particles is determined by a number of factors such as sputter

power, Ar pressure controlled by the flow rate, distance

between the target and the exit aperture and the diameter

of the exit aperture (held fixed in this study). The source

parameters were optimized for each deposition to produce

ruthenium nanoparticles with diameters in the range of

3–15 nm. The nanoparticles exiting the aggregation zone are

passed through a quadrupole mass filter (QMF) where the

negatively ionized fraction of the particles is filtered according

to their mass-to-charge ratio.w The quadrupole mass filter

settings were optimized to obtain a particle diameter resolu-

tion of (Dd/d) � 6%. A higher resolution in the particle

diameter is achievable with the quadrupole, but at the expense

of the deposition rate. The beam of negatively ionized mass-

filtered nanoparticles is condensed and focused by a series of

electrostatic lenses onto the sample, which is located in a

separate chamber connected to the aggregation source. The

substrate is placed at a small positive bias (B36 V) so that

the nanoparticles are attracted to and yet soft-landed onto the

surface with kinetic energies of r0.1 eV per atom, avoiding

impact effects on the nanoparticle morphology.

w The positively charged portion of the produced nanoparticles is
repelled by the positively biased lens system, thus preventing them
from being deposited onto the sample. The aggregation chamber exit
aperture is in line of sight with the sample, but it has been verified by
TPD experiments and SEM that the non-ionized, and therefore
unfiltered, fraction of the nanoparticle beam is lost in the constriction
between the two chambers, and the deposition of neutral particles can
be neglected at particle deposition time-scales.
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Ion Scattering Spectroscopy (ISS) and Auger Electron

Spectroscopy (AES) were performed to confirm the cleanliness

of the HOPG substrate and the deposited particles, and the

results are shown elsewhere.38,39

TPD experiments were performed in the preparation chamber

of the UHV system. The samples were dosed with a 1 : 1

mixture of two different isotopically labelled CO molecules,

namely 13C16O (CIL, 99% 13C, o10% 18O) and 12C18O (CIL,

2% 16O). Both gases were dosed simultaneously using separate

leak valves until a total chamber pressure of 2 � 10�8 mbar

was attained. The ratio of the two gases was held constant by

monitoring the mass spectrometer signal for each component.

The samples were dosed in this manner for 10 min, corre-

sponding to an exposure of 9 Langmuir, which was sufficient

to saturate the surface. The sample temperature was then

ramped at a rate of 1 1C s�1 in UHV and the CO desorption

from the substrate was analysed using a differentially pumped

Balzers QMA 125 quadrupole mass spectrometer (QMS).

The spectrometer was equipped with an oxygen-free high

conductivity (OFHC) copper sniffer tip with a 1 mm diameter

aperture, which is positioned within 0.5 mm of the sample

surface. This arrangement allows the local gas composition

above the sample surface to be measured with negligible

contribution from the sample holder or surroundings.

For TEM analyses, the nanoparticles were deposited directly

onto standard lacey or holey carbon films supported on 300 mesh

copper TEM grids. High resolution TEM of various size nano-

particles was performed using a Technai T20 microscope

operated at 200 keV in bright field mode, to measure size

distributions for each sample of mass selected nanoparticles

and to image the morphology of the nanoparticles.

3 Results

3.1 Particle shape and size distribution

Depositions were typically carried out so that 10–40% of the

substrate surface was covered by nanoparticles. A TEM image

of a sample with a typical coverage is shown in Fig. 1a. We

have previously investigated the size-distribution of the Ru

nanoparticles produced by the magnetron sputter source using

in situ STM and ex situ TEM.38 It was shown that the height

measured by STM was in very good agreement with the

diameter measured by TEM.z Size-distributions from samples

with selected sizes of Ru nanoparticles are presented in

Fig. 1b, which show that the diameter resolution (Dd/d) lies
between �10% and �20%. The particle diameter was derived

from image analysis of TEM images, by measuring the pro-

jected area of each particle and, by using the spherical

approximation, calculating an effective diameter d given by

projected area = p(d/2)2. The measured diameter resolution is

larger than that theoretically predicted, which is suggested to

be due to imperfection in the mass filter apparatus and/or due

to the image analysis of particles that deviate from a sphere.

To obtain detailed information on the nanoparticle shape and

structure, high-resolution TEM measurements were performed

on Ru nanoparticles deposited directly onto TEM grids. The

TEM micrographs shown in Fig. 2 reveal that the nano-

particles do not all adopt the expected truncated hexagonal

bipyramidal equilibrium shape.19 The particles have most

likely hcp crystal structure as the particles primarily exhibit

hexagonal symmetry and lattice fringes periodicity was found

to match the (100) interplanar distance, see ref. 38 for further

details. A variety of polymorphs are observed for larger

particles, including particles that seem to be composed of

smaller nanoparticles or clusters as opposed to single crystal

nanoparticles. The formation of the structural composite

nanoparticles is speculated to be consistent with the formation

process that is mediated by aggregation of smaller nano-

particles and clusters. None of the observed Ru particles were

observed to be flat, neither by STM nor by TEM, as has been

reported when growing Ru nanoparticles by chemical vapour

deposition.40 From the TEM investigations it is evident that

the particles larger than B6 nm exhibit a high degree of

surface roughness. It was, however, not possible to resolve

the atomic structure of the small particles to a degree where

the surface roughness could be quantified. Accurate determi-

nation of the surface atomic structure by any form of micro-

scopy is extremely challenging and will thus require a

comprehensive study.41 The general trend is that smaller

particles exhibit more well-defined facets and are closer to

the equilibrium shape, while larger particles have rougher

surfaces and thereby expose a surface with a relatively larger

fraction of under-coordinated sites.

The possible sintering of Ru nanoparticles on HOPG was

also studied by Nielsen et al.36 It was found that sintering was

not observed at room temperature for the B3–15 nm size

range on either sputtered or unsputtered HOPG, but it was

found that 3.2 nm particles on unsputtered HOPG sintered

into aggregates after heating to 500 1C. Additionally it was

found that 4 nm Ru particles deposited onto sputtered HOPG

were stable against sintering, even when heated to 500 1C. In

this study, we did not observe a significant difference between

the TPD spectra from 2.8 nm Ru supported on sputtered

HOPG compared to un-sputtered HOPG. The activity for

scrambling of isotopic labelled CO was also not influenced by

the amount of defects in the support (see later), suggesting

that the particles have not undergone substantial sintering

during the TPD experiment. It was, however, observed that

annealing the sample to B700 1C leads to a decrease in the

total CO desorption signal as well as reduction in desorption

of scrambling products. The origin of this loss of Ru surface

area and active sites is not yet understood, but it could be due

to particle annealing or contamination from mobile carbon on

the substrate.

3.2 Isotopic CO scrambling experiments

Simultaneous dosing with two of different isotopically labelled

CO molecules makes it possible to determine the relative

amount of CO that is dissociated on the surface from the

TPD spectra. If randomly adsorbed 13C16O and 12C18O

molecules dissociate on the surface, the dissociated species

may scramble and recombine into the four possible CO isotopo-

logues 12C16O, 13C16O, 12C18O and 13C18O. From the CO

z Due to STM tip convolution effects, limited information could be
obtained by STM about the width of nanoparticles smaller than about
8 nm.
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desorption we would like to distinguish between CO that has

been dissociated and molecular adsorbed CO. The procedure

for this is illustrated in Fig. 3a where the raw mass spectro-

meter data recorded at 28 amu, 29 amu, 30 amu and 31 amu

from a sample with 11.0 nm Ru particles on unsputtered

HOPG are shown. The two high intensity signals are 29 amu

(red) and 30 amu (green), which correspond to the dosed CO

isotopologues. The 28 amu (black) and 31 amu (blue) signals

can ideally only originate from scrambling events of dissociated
13C16O and 12C18O, but a relatively high background of 12C16O is

unavoidable in UHV chambers in general and locally in the QMS

in particular even under UHV conditions, due to hot filaments.

To achieve TPD spectra that quantitatively represent the

desorption products, a background subtraction has been

performed for each of the recorded TPD spectra, followed

by a subtraction for 12C16O and 13C18O trace impurities

contained in the dosed CO isotopologues. The corrected

spectrum is shown in Fig. 3b.

The background UHV pressure of CO gives rise to a minor

undesirable adsorption of 12C16O onto the Ru surface in the

time period from nanoparticle deposition to CO dosing. The

enlarged 28 amu signal is most pronounced at high desorption

temperatures around 500 K, which shows that CO initially will

decorate the surface sites that bind CO strongly. These surface

sites are also the active sites for CO dissociation, so the

unwanted dosing of 12C16O from the background will block

a fraction of the active sites from the subsequent adsorption

and scrambling of 13C16O and 12C18O. Thus, it is crucial to

minimize the background dose by reducing the amount of hot

filaments in the chamber and the time from nanoparticle

deposition to the 13C16O and 12C18O dosing.

We used the 31 amu signal, as the background pressure of
13C18O is negligible and thus, the 31 amu signal originates

solely from scrambling events of adsorbed CO that has been

dissociated and is assumed to represent 1/4 of the total amount

of scrambling products. This is a conservative estimate since

Fig. 1 (a) Low magnification TEM image from 11.0 nm Ru particles deposited onto a holey carbon coated copper TEM grid, recorded on a

Tecnai T20 microscope. This is a typical TEM image used for size distribution image analysis. (b) Nanoparticle size distributions measured from

TEM images of samples with nanoparticles of different sizes. The imaged TEM samples that were used to produce the size distributions were

prepared similar to the samples for the TPD measurements.

Fig. 2 TEM and high-resolution TEM micrographs showing Ru nanoparticles of various sizes and shapes. The given nanoparticle diameters are

mean values obtained from Gaussian fits to experimentally measured distributions.
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small amounts of CO coming from the background may

dilute this.

The amount of active sites for CO dissociation on the

nanoparticles is measured by probing the fraction of adsorbed

CO that undergoes dissociation and subsequent association

and desorption. CO desorption spectra were obtained from

saturation coverages of equal amounts of 13C16O and 12C18O

adsorbed on 3–15 nm Ru nanoparticles supported on both

non-sputtered and Ar+ ion sputtered HOPG.

In order to measure the amount of dissociated CO, we

separate the desorption spectra into a contribution from

molecular adsorbed CO (i.e. non-dissociated CO) and from

CO that has been dissociated, recombined and then desorbed.

When a fraction of the dosed 13C16O and 12C18O molecules

has been dissociated we assume equal probability for scram-

bling into each of the four possible isotopologues 12C16O,
13C16O, 12C18O and 13C18O. Due to the assumption of equal

scrambling probability the 13C18O signal can be used to

represent the scrambling into each of the four possible iso-

topologues. The total amount of scrambling is therefore

represented as four times the 31 amu signal. The desorption

spectrum originating purely from molecular CO is represented

by subtracting the contribution from self-scrambling

(i.e. 13C16O and 12C18O into 13C16O and 12C18O), which is

represented as two times the 31 amu signal, from the sum of

the desorption signal from the dosed 13C16O and 12C18O

molecules. Fig. 4 shows the resulting molecular and disso-

ciative desorption components from samples with (a) 2.8 nm,

(b) 5.9 nm, (c) 11.0 nm and (d) 15.2 nm particles. It is seen that

the molecular adsorbed CO has a desorption peak at B410 K

and the associative desorption from dissociated CO results in a

broad feature at 400–600 K with two main features atB440 K

andB475 K. Furthermore, the spectra show that COmolecules

that have been dissociated desorb from sites that bind CO

stronger than CO adsorbed onto sites that do not dissociate

CO. The obtained TPD spectra do not vary substantially with

particle size, as the shape and position of the desorption peaks

Fig. 3 TPD spectra obtained at a heating rate of 1 1C s�1 from 11.0 nm

Ru nanoparticles supported on un-sputtered HOPG. (a) Raw mass

spectrometer data from the 28 amu (black), 29 amu (red), 30 amu

(green) and 31 amu (blue) signals. (b) Corrected spectrum obtained

from the raw data in (a) as described in the text.

Fig. 4 TPD spectra are separated into contributions from the desorption of dissociated CO (green) and molecular adsorbed CO (orange) (see text).

The TPD spectra are shown for samples with (a) 2.8 nm Ru particles supported on sputtered HOPG, (b) 5.9 nm Ru particles supported on

unsputtered HOPG, (c) 11.0 nm Ru particles supported on unsputtered HOPG and (d) 15.2 nm Ru particles supported on unsputtered HOPG.
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remain approximately the same. The most significant particle

size effect is the variation in activity for CO dissociation, which

is expressed as the integrated amount of dissociated CO

normalised to the total CO desorption signal, presented in

Fig. 5. By this normalisation the CO dissociation activity is

relative to the total Ru surface area accessible for CO adsorp-

tion and can hence be compared directly across particle sizes.

The results show that the relative amount of CO dissocia-

tion was found to increase with increasing particle size. The

maximum amount of CO scrambling was measured from a

sample with 11 nm particles where B25% of the adsorbed CO

was dissociated.

4 Discussion

CO desorption has previously been studied from a variety

of Ru single crystal surfaces, e.g. Ru(001),42 Ru(109),24

Ru(1 0 54),25 Ru(11%20)26 and Ru(11%21),27 and each surface

results in different desorption spectra. Supported nano-

particles will expose a combination of various crystal facets

(close packed and more open surfaces) along with a number of

under-coordinated sites like steps, kinks and atoms located at

the edges and corners. For larger nanoparticles and neglecting

support interactions, the particle surface may be assumed to

be an unknown superposition of the various single crystal

surfaces. For smaller particles or for the highly irregular and

rough particles found in this study, under-coordinated sites

become dominant. The transition from a well-defined Ru(0 1 54)

single crystal surface to a highly defective surface induced by

Ar-ion sputtering was previously studied by Murphy et al.37

With increasing sputtering the morphology changed from that

of a stepped Ru(001) single crystal surface to a highly defective

surface with flat 2–5 nm diameter patches (imaged by STM),

and the CO desorption behaviour evolved from that of a

stepped Ru(001) to a CO desorption behaviour with similar

desorption features and peak positions as the investigated

nanoparticulate system. Similar CO desorption spectra were

found from the corrugated Ru(11%20)26 and Ru(11%21).27 These

findings suggest that the CO adsorption behaviour of the

nanoparticles is related to a high density of under-coordinated

sites possibly in combination with corrugated facets. The good

resemblance to the previously reported desorption spectra also

gives strong confidence that the TPD experiments were not

influenced by contaminants such as oxygen present on the

surface of the particles.

The dissociation of CO has also been studied on various Ru

single crystal surfaces. The work by Zubkov et al.24 showed

that CO only dissociates on step sites on Ru(109) and not on

the (001)-terraces, as the dissociation was completely sup-

pressed when the steps were blocked by carbon atoms. Com-

bined infrared spectroscopy and TPD experiments indicated

that CO dissociates at 450–500 K to recombine and desorb at

500–550 K. Wang et al. showed by TPD and high resolution

electron energy loss spectroscopy (HREELS) experiments that

the more open Ru(11%20) surface dissociates CO already from

300 K and that 20% of the adsorbed CO monolayer was

dissociated until associative desorption with maxima at 500 K

and 540 K.26 It was also concluded that both defect sites

and the (11%20)-terrace sites are active for CO dissociation,

leaving the explanation for dissociation to be limited to 20%

unknown. A similar study on Ru(11%21) by Fan et al. showed

that the onset temperature for CO dissociation at high initial

coverage is B380 K27 followed by association and desorption

maxima at around 540 K. Additionally, a DFT study of the

same surface determined the 4F hollow site to be the active

site.28 From these previous studies it is evident that the

activation barrier for CO dissociation is highly dependent on

the geometry of the adsorption sites. The TPD spectra from

dissociated CO presented in this paper show a broad

desorption feature (400–600 K) and the presence of two main

peaks at B440 K and B475 K, which suggest that there exist

several types of active sites for CO dissociation on the

nanoparticles. This suggests that the particles expose a large

variety of active sites, in good agreement with the structural

information from the TEM images showing non-equilibrium

shaped nanoparticles.

The relative scrambling for particles of various sizes

presented in Fig. 5 shows that the larger particles expose a

higher proportion of active sites for CO dissociation. The

increasing activity is most likely correlated to a higher

tendency for non-equilibrium shapes of the larger nano-

particles, which thereby expose an increasing relative amount

of under-coordinated surface sites. The tendency of larger

particles to adopt highly non-equilibrium shapes compared

to smaller particles can be attributed to the particle forma-

tion process in the aggregation source, where the large

particles grow through coagulation of small primary particles

of various sizes, whereas the small particles are built by

addition of single atoms, and thereby adopt a more compact

morphology closer to the equilibrium shape. Ruthenium is a

high melting point material and the rapid cooling during

the aggregation process quenches the particles into non-

equilibrium shapes.43 The TEM data presented earlier show

that the nanoparticles are not equilibrium shaped and that

different morphologies are present. Hence, it is, however, not

possible to unambiguously identify and quantify the active

sites. To identify the active sites an ensemble of mono-morphic

nanoparticles must be produced, making it possible to identify

a more rigorous correlation between nanoparticle structure

and activity.

Fig. 5 Relative amount of dissociated CO (i.e. dissociated CO divided

by molecular CO for each experiment) as a function of nanoparticle

size. The dashed line is drawn to guide the eye.
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In the case of equilibrium shaped Ru nanoparticles, the

activity of N2 dissociation was studied in the size range of

1.5–5 nm by computational methods, and it was shown that

the optimal particle size is B3 nm, as the particles of this size

have the optimal number of active step sites.19 A combination

of experiments and DFT calculations has shown that CO and

N2 dissociate at the same step site (the B5-site) on Ru single

crystals.16,25 On the corrugated Ru(11%21) surface, CO and N2

prefer a six-fold and five-fold active site, respectively, but both

CO and N2 involve six Ru atoms in the complete dissociated

state.28,44 Regardless of the differences in the reaction path, the

geometries of the sites active for CO and N2 are very similar,

so it is expected that the optimal particle size for dissociation

of CO and N2 is comparable for particles with the equilibrium

structure.

The assumption that the adsorbed C and O isotopes pro-

duced by dissociation will have equal probability to recombine

into the four possible combinations of CO isotopologues is

based on high mobility of the dissociated species. Oxygen

atoms are able to diffuse away from the step and onto the

terrace after dissociation whereas the carbon atom is tightly

bound to the bottom of the step with a high diffusion

barrier.15,25,45 Having a high defect density and consequently

very small facets could suppress the mobility and thereby

hinder the isotopic exchange reaction, which would increase

the probability of the dissociated CO molecule to recombine

with itself. It is difficult to estimate how pronounced this

phenomenon is, but in any case, the calculated relative amount

of scrambling would be a lower estimate, if ‘‘self-scrambling’’

is pronounced.

5 Conclusions

TPD measurements with isotopically labelled CO were per-

formed to probe the active sites for CO dissociation from

mass-selected Ru nanoparticles in the size range of 3–15 nm

supported on HOPG. The CO scrambling experiments

demonstrate that molecular adsorbed CO desorb showing a

broad peak from 300 to 450 K and CO may dissociate at

numerous types of under-coordinated surface sites followed by

recombination and desorption at temperatures between 400 K

and 600 K. The relative amount of active sites was found to

increase with increasing particle size, which is attributed to the

increasing surface roughness for larger particles. A maximum

of B25% isotopic scrambling was measured from a sample

with 11 nm particles. This is not what is expected from

equilibrium conditions where the optimum size is expected

to be B3 nm. This suggests that if such under-coordinated

sites can be made stable or annealing can be avoided, highly

active catalysts can be made where highly under-coordinated

sites are called for, such as CO and N2 dissociation.
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The Effect of Size on the Oxygen Electroreduction Activity of Mass-
Selected Platinum Nanoparticles**
Francisco J. Perez-Alonso, David N. McCarthy, Anders Nierhoff, Patricia Hernandez-Fernan-
dez, Christian Strebel, Ifan E. L. Stephens, Jane H. Nielsen, and Ib Chorkendorff*

The use of proton exchange membrane fuel cells (PEMFCs)
could become widespread by improving the kinetics of the
oxygen reduction reaction (ORR), where Pt is the typical
electrocatalyst. Improvements to the reaction kinetics, how-
ever, require understanding of the fundamental factors that
control the ORR activity of Pt, in particular the dependence
of the ORR rate as a function of the particle size. This has
been the topic of numerous studies in the last few decades.[1]

Most articles report an increase in the specific activity with
increasing particle size. Nørskov, Rossmeisl, and co-workers
rationalized this phenomenon using density functional calcu-
lations.[2] They proposed that the active sites for the ORR are
located on the terrace sites of Pt. Undercoordinated sites at
terrace edges or steps should provide a negligible contribu-
tion to the activity, because they bind strongly to the
O-containing intermediates of the ORR.[2b,d] The increased
population of undercoordinated sites on small nanoparticles
(especially below 5 nm) explains their lower activity. More-
over, they predicted that the activity of nanoparticles with
diameters greater than around 10 nm should be equal to that
of extended surfaces.[2d]

Recently, Arenz and co-workers raised doubts regarding
the reliability of earlier measurements of the ORR activity on
Pt nanoparticles on high surface area supports because of the
influence of uncompensated resistance and support capaci-
tance.[1e] By correcting for these effects, they observed results
that could not be explained by the theoretical model
described above, namely that 1) there was no size effect on
the ORR activity for Pt nanoparticles with a diameter below
5 nm, 2) Pt-black particles with a diameter of around 30 nm

exhibited a two-fold improved ORR activity relative to
particles with a diameter of 5 nm, and 3) the extended Pt
surfaces showed a two-fold improved ORR activity relative to
Pt-black particles. Also, some stepped Pt single-crystal
surfaces, for example, Pt(331), actually exhibit an improved
oxygen reduction activity relative to Pt(111),[3] even though
the stepped crystals have a high density of undercoordinated
sites. The higher activity of the stepped single crystals, could,
at first glance, seem to be in contradiction with the theoretical
models described above.[2b,d] However, it turns out there are
sites on these single crystals, presumably on the terrace sites,
that bind more weakly to O-containing species than Pt(111),
which explains their higher activity[4] as discussed in greater
detail elsewhere.[4b] Nonetheless, it is unknown whether this
phenomenon, observed upon extended surfaces of Pt, should
occur on nanoparticulate catalysts. In summary, the contro-
versies regarding the ORR activity of Pt nanoparticles
strongly motivate the use of model systems, with control
over variables such as the particle size, dispersion, and the
influence of the support material.

Herein, we investigate the effect of size upon the ORR
activity of Pt particles with diameters ranging from 2 to
around 11 nm. The particles prepared through the gas
aggregation technique, mass-selected, and deposited directly
onto planar glassy carbon supports under ultrahigh vacuum
(see details in the Supporting Information). By supporting the
catalysts on planar surfaces, we avoid the need to correct for
capacitive currents. By using mass-selected particles, we avoid
effects from surfactant molecules that would be present on
particles produced by chemical synthesis methods. Earlier
studies taking similar approaches to ours have restricted the
nanoparticle size to below 3.5 nm, albeit without mass
selection.[1i] By encompassing a larger size range in the
current study, we make a link between extended surfaces and
nanoparticulate catalysts.

To determine whether the active sites for the ORR are
located on terrace sites, as predicted by theory, we have
quantified the proportion of the terraced surface area of the
Pt nanoparticles by performing in vacuum CO temperature
programmed desorption (TPD) experiments. Figure 1 shows
the CO desorption spectra obtained from four different
samples, in comparison to the particle size histograms and
representative transmission electron microscopy (TEM)
micrographs.

The features of the CO TPD spectra on Figure 1 are
redolent of those obtained on Pt single crystals,[5] despite
variations in the nanoparticle morphologies and their
unknown facet terminations. On the basis of the single-crystal
studies, we have fitted the TPD spectra to three Gaussian
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functions: a low-temperature peak, corresponding to CO
bound weakly at high coverages on the terrace sites, an
intermediate-temperature peak at around 400 K correspond-
ing to more strongly bound CO at low coverages on the
terrace sites, and a high-temperature peak extending to 600 K,
corresponding to CO bound strongly to undercoordinated
sites. A similar deconvolution of oxygen TPD curves into
Gaussian functions has been used to interpret the coordina-
tion-dependent binding interactions of oxygen on stepped Pt
surfaces.[6] We used the fit functions to determine the
proportions of the terraced surface area (see the Supporting
Information). Evidently, the fraction of terrace sites increases
with increasing particle size, which is in line with our
expectations.

The ORR activity of the glassy carbon-supported Pt
nanoparticles and a polycrystalline Pt sample (Pt-pc), have all
been measured by voltammetry in a 0.1m HClO4 electrolyte
solution using a rotating ring disc electrode (RRDE) assem-
bly (see the Supporting Information). Tafel plots of ORR
specific activity are shown in Figure 2. Clearly the ORR
specific activity increases with the particle size. The ORR
specific activity and mass activity for the different catalysts
studied is plotted in Figure 3. Our results agree well with
earlier theoretical predictions (see the Supporting Informa-
tion). In particular 1) extended Pt surfaces exhibit the same

activity as nanoparticles with a diameter of 11 nm, and
2) there is a four-fold increase in the ORR activity going from
2 nm Pt particles to extended surfaces.[2b,d] Moreover, we
confirm that the Pt mass activity for the ORR shows
a maximum for a particle size of 3 nm.[1a, 2d]

The electrochemical experiments are also supported by
the CO-TPD results: the ORR activity approximately scales
with the proportion of terraces, as shown in Figure 3. The
main outlier to this trend, given the experimental error, is the
smallest nanoparticle with a diameter of 2 nm. This modest
discrepancy could be explained by the differences in the
surface structure induced by the electrochemical environ-
ment.[2d] Small particles are more susceptible to corrosion
than the larger nanoparticles.[7] Corrosion would reduce the
lateral size of each exposed facet and increase the number of
undercoordinated sites.[2d]

Figure 1. Nanoparticle size distributions and the associated CO
desorption profiles of Pt/SiO2 samples for particle sizes of 2, 3, 6, and
11 nm. Included with each TPD profile are the integrated proportions
of the terraced particle surface area.

Figure 2. ORR Tafel plots of Pt-pc (grey), Pt-2 nm (blue), Pt-3 nm
(green), Pt-6 nm (red) and Pt-11 nm (black) extracted from polariza-
tion curves recorded in oxygen-saturated electrolyte solutions (0.1m

HClO4) at 50 mVs�1 and 1600 rpm.

Figure 3. a) ORR kinetic current densities and b) mass activities at
0.9 V (reversible hydrogen electrode, RHE) of different particle sizes,
from cyclic voltammograms in a O2-saturated 0.1m HClO4 solution at
a sweep rate of 50 mVs�1 and 1600 rpm at 23 8C. The blue circles in
plot (a) represent proportions of the terraced particle surface area
calculated from CO TPD profiles.
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Our study complements earlier investigations of industrial
catalysts, which generally reported lower ORR activities[1a,d,e]

than those reported here. We consider that our experimental
conditions provide a more accurate measure of the intrinsic
activity of Pt nanoparticles. We hypothesize that the high
activity of our samples compared with commercial catalysts is
due to the more idealized environment: high diffusion of
oxygen and the absence of surfactant molecules.

In summary, we have shown that the specific activity of
the oxygen reduction reaction on Pt nanoparticles decreases
with decreasing particle size, with a maximum in mass activity
for particles with a diameter of 3 nm. The ORR activity
roughly correlates with the proportion of the terrace sites. We
conclude that the active sites for the ORR are only located on
the terrace sites of the nanoparticles, in agreement with
earlier theoretical predictions.[2b,d] The close agreement
between experiment and theory confirms that we are starting
to build a more coherent picture of the factors that control the
activity of nanoparticles for the ORR and other (electro)-
catalytic reactions.
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Supporting information 

Preparation of mass-selected Pt nanoparticles and UHV CO desorption experiments 

The preparation of platinum nanoparticles was performed in a multichamber ultrahigh vacuum 
(UHV) system (Omicron, Multiscan Lab) with a base pressure in the low 10-10 mbar region. The 
system is equipped with facilities for combined in-situ scanning tunneling microscopy (STM) 
and scanning electron microscopy (SEM), ion scattering spectroscopy (ISS), and temperature 
programmed desorption (TPD) measurements. Pre-formed mass-selected Pt particles were 
deposited onto the glassy carbon electrode from a magnetron-sputter gas-aggregation source 
fitted with a quadrupole mass filter (Mantis Deposition Ltd., Nanogen 50). The particles are 
formed by the gas-phase condensation of Pt atoms sputtered from a 99.99% pure Pt target via 
direct current magnetron sputter source. The magnetron is housed in a liquid nitrogen cooled 
enclosure with a small aperture (4 mm diameter) at one end. Argon gas is flown into the volume 
(or gas-aggregation zone) around the magnetron at a rate of 20–100 sccm and is pumped away 
via the aperture so that a local pressure of 0.1–1 mbar is obtained inside the gas-aggregation 
zone during operation. The argon gas serves the dual purpose of providing the plasma that 
sputters the target, and thermalizes the sputtered Pt atoms so that they condense into particles. 
The size of the nanoparticles that grow is determined by a range of factors: sputter power 
(typically 5–20 W), rate of gas flow, distance between the target and the exit aperture. Further 
details on the construction and principles of operation of this type of source can be found 
elsewhere [1]. 

TPD experiments were performed in the preparation chamber of the UHV system. For these 
TPD experiments, mass-selected Pt nanoparticles of the same sizes as those studied in the 
electrochemical experiments were deposited onto SiO2/Si(111) supports  As Pt particles do not 
diffuse and sinter on SiO2 until ~800K  [2], a temperature higher than that used in our TPD study, 
we expect that the TPD spectra of the particles supported on SiO2 are directly related to the 
structure of the as-deposited particles. Unpublished TPD experiments from Ruthenium 
nanoparticles on both SiO2 and Highly Oriented Pyrolitic Graphite show no significant 
differences in the shape of the TPD spectra, however due to difficulties with measuring 
temperature reliably on HOPG, SiO2 was chosen as the support material. The samples were 
dosed with isotopically labeled CO molecules, namely 12C18O (CIL, 2% 16O). Isotopically 
labeled gas was used to distinguish from background CO (mass 28), which proved to be 
negligible in any case. The gas was dosed into the vacuum chamber via a leak valve until a total 
chamber pressure of 10-7 mbar was attained, for 10 min, corresponding to an exposure of 50 
Langmuir, sufficient to saturate the surface. The sample temperature was then ramped at a rate 
of 1 K s-1 in UHV, and the CO desorption from the substrate was analysed using a differentially 
pumped Balzers QMA 125 quadrupole mass spectrometer. The spectrometer was equipped with 
an oxygen-free high conductivity (OFHC) copper sniffer tip with a 1 mm diameter aperture, 
which is positioned within 0.5 mm of the sample surface. This arrangement allows the local gas 
composition above the sample surface to be measured with negligible contribution from the 
sample holder or surroundings. 

Quantitative interpretation of the CO desorption from nanoparticulate samples is challenging, 
due to the varied particle shapes, and their unknown facet terminations. However, from single 
crystal studies we may consider three different CO adsorption states: CO that is bound weakly 



due to strong CO-CO repulsion effects, lower coverage CO bound at intermediate temperatures 
centered near 400K, and CO bound strongly to undercoordinated surface atoms. Thus for our 
system, we have chosen to decompose all fitted curves into three Gaussians, where we have 
chosen to fix the centre of the 2nd Gaussian in temperature, Tcent=410K, and range Trange=69K, 
but with the fitted area free. The fits of the low and high temperature Gaussians were 
completely free. It was chosen to fix the 2nd Gaussian, as both the repulsion effects seen at low 
temperature, and the under coordinated atoms represented at high temperature, are strongly 
dependent on the nanoparticle size. We expect the 2nd Gaussian, representative of low coverage 
CO bound on (111) facets, to have a weak dependence on particle size. The centre and width of 
the 2nd Gaussian were chosen to match the centre of CO desorption spectra from the Pt(111) 
surface, so that the Gaussian decay is complete near 500K, as expected for the clean Pt(111). 
The values of terraced area presented in the text were determined by comparing the summed 
areas of the first and second Gaussians (representing CO bound on terraces), as a proportion of 
the area of all three Gaussians. 

 

TEM and SEM characterization 

Nanoparticle size distributions were obtained using Transmission Electron Microscopy (TEM) 
images performed using a TECNAI T20 electron microscope with primary electron energy of 
200 keV. SEM images were obtained using a Helios EBS3, with accelerating voltages of 5kV. 

 

Electrochemical experiments 

The electrochemical experiments were performed with Bio-Logic Instruments’ VMP2 
potentiostat, controlled by a computer. The rotating ring disk electrode (RRDE) assemblies 
were provided by Pine Instruments Corporation. All glassware was cleaned in 96% H2SO4 and 
30% H2O2 (3:1 v/v).  This was subsequently sonicated and rinsed several times in milipore 
water (>18.2 MΩ cm-1, TOC<5 ppb).  A standard three-compartment glass cell was used for all 
electrochemical experiments. The electrolyte, 0.1 M HClO4 (Merck, Suprapur) was prepared 
using Millipore water (>18.2 MΩ cm-1, TOC<5 ppb). The counter electrode was a platinum 
wire and the reference was Hg/Hg2SO4 electrode. However, all potentials are quoted with 
respect to the RHE and corrected for Ohmic loses[3] . The reference electrode and the counter 
electrode were separated from the working electrode compartment using ceramic frits.  A RRDE 
assembly was used in lieu of a rotating disk electrode (RDE) assembly.  When an RDE 
assembly was used, there was a significant electrochemical response from the walls of the 
glassy electrode, due to the relatively loose fit between the electrode and the PTFE arbour.  On 
the other hand, the arbour of the RRDE provided a tighter fit, eliminating the contribution from 
the electrode walls.  The ring electrode was not specifically used, for instance to determine the 
% H2O2  yield; within the potential range of interest is above the thermodynamic potential for 
H2O2 production from O2.  

The electrode prepared under UHV conditions was transferred to the electrochemical cell and 
was immersed under potential control at 0.05 V in N2 saturated 0.1 M HClO4 electrolyte. The 
potential was then constantly cycled between 0.5 V and 1.15 V till stable cyclic voltagramm 
was recorded. The ORR activity was carried out by cycling the potential between 0 V and 1 V, 
at 50 mVs-1, 1600 RPM and 23± 1 C, after saturating the solution in O2. 



The kinetic current density for the oxygen reduction, jk, was calculated using the following 
equation[4]:  

1/jmeas = 1/jk + 1/jd, 

where jmeas is the measured current density, and  jd is the diffusion limited current density. 

To establish the influence of different capacitive current contributions toward the overall current 
we have used analog compensation of the electrolyte resistance and a background subtraction 
that eliminates such capacitive current contributions. Figure S1 shows ORR Tafel plots of the 
different samples with and without capacitance correction. No important differences can be 
observed confirming that under our measuring conditions, e.g. without a high surface area 
support, we can neglect the effect of capacitance. 

Additionally, the CO-stripping  analysis were carried out in CO-free Ar purged solution, after 
adsorbing CO at a constant potential of 0.05 V for 20 minutes to establish the electrochemical 
surface area of the Pt samples. CO stripping polarization curves were then recorded by scanning 
the potential until 1.0 V at 50 mVs-1 The active surface area was estimated using the area under 
the CO-stripping peak assuming a CO linearly binding on Pt that provides a charge equivalence 
of 420µC/cm2Pt[4]. 

 

 

 



Figure S1. ORR Tafel plots of samples Ptpc (grey), Pt-2 nm (blue), Pt-3nm (green), Pt-6 nm 
(red) and Pt-11 nm (black) extracted from polarization curves recorded in oxygen saturated 
electrolyte (0.1 M HClO4) at 50 mVs-1  and 1600 rpm . Lines correspond to Tafel plots after 
eliminating such capacitive current contributions. 

 

 

 

 

Figure S2. Example of CO stripping curve (thicker line) and CV (after oxidation of CO 
preadsorbed monolayer)  recorded at 50 mVs-1  in 0.1 M HClO4 solution for sample Pt6 nm. 

 

Calculation Pt surface areas and coverage on the glassy carbon electrode 

 

One key parameter to establish the ORR electrocatalytic properties of Pt clusters with size is 
their coverage on the glassy carbon electrode. There are two complementary methods via which 
we can estimate the coverage of Pt nanoparticles on the glassy carbon electrode. The first is to 
measure and integrating the neutralization current during the cluster deposition, which takes 
advantage of the fact that the particles are singly charged. In addition, the coverage can be 
calculated using the electrochemically active surface area determined from the oxidation of a 
pre-adsorbed CO adlayer (CO stripping), and considering the geometric surface area of the 



electrode. Figure S3 shows and compares the coverage results obtained with CO stripping and 
current integration methods. Both methodologies allow the calculation of the surface area of the 
Pt nanoparticles, and consequently the electrode coverage for different nanoparticle sizes, 
assuming spherical geometry for the clusters.  

 

Figure S3.  Comparison of Pt surface coverage on GC calculated by means of current 
integration and CO stripping curves for samples Pt2nm (blue), Pt3nm (green), Pt6nm (purple) 
and Pt10nm (black). Black line depicts the theoretical relationship between both approaches if 
the calculation of surface area would be similar with both methods. 

 

 

The results show good agreement for the two different methods, although the CO stripping 
method typically shows less surface area than that predicted by the current integration method, 
especially for higher deposition coverages. These differences can be understood on the basis 
that the current integration provides a measure of the total surface area of the nanoparticles, 
whilst CO stripping supplies a measure of the electrochemically accessible surface area of the 
catalysts. Experimentally, the surface area available for catalysis should be reduced from the 
current integration method, due to effects such as particle-support contact area, and particle 
agglomeration. A small amount of particle agglomeration due to electrochemical experiments 
has been observed, via comparison of high resolution SEM images of a sample surface before 
and after electrochemical measurements (see Figure S4 example for the 2 nm sample). 
Agglomeration acts to reduce the surface area, and would certainly be more noticeable at high 



coverage. The observation that the surface area of the Pt nanoparticles supported on glassy 
carbon decreases below expectations as the coverage is consistent with the work of  Arenz and 
co-workers[5] . Consequently, the ORR activity results which we report are based on the Pt 
coverage calculated from CO stripping experiments. 

 

 

Figure S4. SEM micrographs of Pt 2 nm sample before and after electrochemical experiments 
(ORR and CO stripping) 

 

 

The mass activity was established using the mass of Pt calculated from , 

where APt is the surface area calculated from CO stripping experiments, ρPt  is the density of Pt 
and dPt is the diameter of Pt particle. As such, the resulting mass activity is a measure of the 
hypothetical activity if the particles were spherical, like conventional Pt nanoparticles, rather 
than hemispherical. 

 

Comparison between ORR specific and mass activity and earlier theoretical 
predictions 

Figure S5 compares the ORR specific activity and mass activity at 0.9 V (RHE) obtained for the 
different catalysts studied with theoretical predictions by Tritsaris et. Al [6]. ORR specific 
activities presented here are in good agreement with those predictions, i.e.  extended Pt surfaces 
exhibit the same activity as 11 nm nanoparticles, and there is a four-fold increase in ORR 
activity going from 2 nm Pt particles to extended surfaces[6-7].  

The Pt mass activity for the ORR shows a maximum for a particle size of 3nm, consistent with 
the maxima observed experimentally and theoretically by Gasteiger et al. and Tritsaris et al., 
respectively[6, 8]. 

 



 

 

 

 

 

Figure S5. ORR kinetc current densities (above) and mass activities (below) at 0.9 V (RHE) of 
different samples studied, from CV’s in O2-saturated 0.1 M HClO4, sweep rate= 50 mVs-1, 
1600 rpm at 23 ºC. The dashed lines represent recent theoretical predictions[6]  
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ABSTRACT: Using temperature-programmed desorption
experiments, we have studied the coordination dependent
adsorption of CO on a platinum (Pt) single crystal, and mass-
selected Pt nanoparticles in the size range of 3 to 11 nm, for
CO dosing pressures in 10−7 mbar and mbar ranges. From low
pressure CO adsorption experiments on the Pt(111) crystal,
we establish a clear link between the degree of presputtering of
the surface prior to CO adsorption, and the amount of CO
bound at high temperature. It was found that for rougher
surfaces, i.e., with more undercoordinated surface atoms, a
feature appears in the CO desorption spectra at high temperature. The result is consistent with literature results from stepped
single crystals that have found high temperature CO desorption features due to the presence of undercoordinated step and kink
sites on the crystal facets. For the nanoparticles, a study of the dependence of the CO desorption profile with particle size found
more prominent high temperature CO desorption features as the nanoparticle size was decreased, consistent with the expectation
for a higher proportion of undercoordinated sites at smaller particle sizes. Thus, for both systems there is a clear relation between
surface atom coordination, and the desorption temperature of CO. Investigation of these structural features was then made for
CO dosing pressures in the mbar range. Intriguingly, from the mbar pressure experiments it was observed that elevated CO
pressures enhanced the annealing of the Pt(111) surface, but on the otherhand, caused an apparent roughening of the
nanoparticles.

■ INTRODUCTION

Currently, there is significant interest in Pt and Pt alloys in
electrochemical environments, due to their high activity for
reactions such as oxygen reduction and methanol oxidation,
where the noble properties of Pt are especially important for its
high activity and long-term stability in typically acidic
environments. Pt catalysts are also important in heterogeneous
reactions such as in the oxidation of soot and hydrocarbons in
exhaust systems. Knowledge of the modifications that Pt
surfaces undergo due to gas composition and temperature is
clearly important for understanding the performance of Pt as a
catalyst, both in terms of its activity, but also with regards to its
long-term stability against processes such as sintering, or
dissolution. Advances to our understanding of environmentally
induced changes to a catalyst could help lead to fundamental
advances in catalyst design, leading to their implementation in
environmentally friendly fuel cell technologies. In this report,
we present investigations into a Pt(111) crystal and Pt
nanoparticles.
The structural modification of nanoscale systems due to

adsorbate−surface interactions can be observed via a number of
spectroscopic techniques: transmission electron microscopy
(TEM),1,2 scanning tunneling microscopy (STM) in both
gaseous and liquid environments,3−5 and also through

techniques such as X-ray diffraction (XRD).6 The modification
of surfaces due to environmental conditions is important for
applications such as catalysis, where reaction rates can be
strongly influenced by surface structure,7,8 for instance in the
formation of steps that could aid bond dissociation. With the
advent of atom-sensitive techniques that operate nearer to
reaction conditions (e.g., high pressure X-ray photoelectron
spectroscopy (XPS), Environmental-TEM), the richness of the
surface dynamics during reactions can be observed. Surface
dynamics are interesting in many respects, but in particular to
heterogeneous catalysis, where nanoparticulate catalysts have
traditionally been considered to play a static role in reactions.
Modern studies now reveal the dynamics of particle surfaces;
changes to oxidation state, surface roughness, and surface
elemental composition of alloy materials, have all been
observed. These types of changes are all relevant to catalytic
activitya recent example reported by Hendriksen and co-
workers6 (for an earlier review, see ref 9) where spontaneous
oscillations in CO oxidation rates over a Pd crystal were related
to rapid oscillatory changes of the oxidation state and surface
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roughness of the crystal surface. Further investigations into
different material systems are then warranted.
In contrast to the expensive spectroscopic techniques such as

E-TEM, HP-XPS (which typically requires synchrotron
facilities), a comparatively simple way to probe surface structure
is to use gas adsorption, combined with temperature-
programmed desorption. Changes to surface structure, in
particular changes to the coordination of the surface atoms,
should be apparent in the desorption profile due to the
coordination dependent binding energies of gas molecules.10

The adsorption of CO on Pt has been studied thoroughly in
recent decades, for various surface terminations of the Pt single
crystal. For low index surface orientations, adsorbate structures
of CO have been studied with high precision using techniques
such as STM, low energy electron diffraction (LEED),
temperature-programmed desorption (TPD), and electron
energy loss spectroscopy (EELS). From the annealed Pt(111)
crystal surface, Steininger et al.11 observed the desorption of
CO over a broad temperature range, from 300 to 500 K. From
LEED experiments, a variety of different CO adsorbate
structures were observed, depending on the CO coverage. In
order to investigate the CO desorption temperatures of less
coordinated atoms, McClellan et al.12 performed similar CO
desorption experiments on the Pt(321) surface (essentially a
(111) surface with monatomic steps every three atoms). From
these experiments the desorption of CO was observed in two
distinct temperature ranges: from 300 to 500 K, and from 500
to 600 K. The two desorption features were respectively
attributed to CO bound on fullly coordinated Pt terrace atoms,
and to under-coordinated Pt atoms at steps and kinks. Thus, it
is possible to distinguish desorption sites using TPD.
The main objective of the present work is to investigate the

structural changes induced by CO adsorption on both a
roughened Pt(111) single crystal and nanoparticulate samples.
Our work is motivated by STM experiments which have shown
reconstructions of Pt surfaces in CO atmospheres,3,4,10,13 for
CO pressures ranging from high vacuum to near atmospheric
pressure. In those experiments, the reconstruction of the Pt
surface due to CO coverages has been variously argued to result
from entropic considerations for Pt(110) surfaces, or elastic
strain and or electronic effects for the vicinal Pt(557) and
Pt(332) surfaces. Vicinal surfaces are interesting as they have
small terraces and a large density of undercoordinated Pt
atoms, similar to the case of nanoparticles, though without the
associated characterization difficulties. Strain is certainly an
important consideration for nanoparticles, and it is therefore
interesting to investigate the effect of CO on nanoparticles of
different sizes, and at different pressures/temperatures. Using
TPD experiments, we demonstrate the similarity between the
desorption features of CO from roughened single crystals and
nanoparticles, linking the undercoordinated sites of the two
systems. We then perform comparative experiments at ∼10
mbar, and different temperatures, and discover modifications to
the desorption spectra for the two systems, which are
interpreted as an annealing out of the single crystal, versus a
roughening of the nanoparticles. An apparent size dependence
to the roughening of the nanoparticles suggests some strain
dependence.

■ EXPERIMENT
The experimental results described in this report were
performed in two separate ultra high vacuum (UHV) systems.
Experiments on Pt nanoparticles were performed in a

multichamber UHV system (Omicron, Multiscan Lab) with a
base pressure in the low 10−11 mbar region. This system is
equipped with facilities for combined STM, and scanning
electron microscopy (SEM), Ion scattering spectroscopy (ISS),
and TPD measurements. A second UHV system with a base
pressure below 10−10 mbar was used for the Pt(111)
experiments. This chamber is equipped with facilities for
TPD, ISS, and XPS. Both vacuum systems are equipped with
high pressure cells into which samples can be transferred and
dosed at pressures up to 1 bar. The high pressure cells are
attached directly to the main vacuum chambers, and have
dedicated pumping and gas dosing lines, which allows for
sample transfer and dosing without exposure of the samples to
outside contamination.

Nanoparticle Production and Analysis Setup. Mass-
selected nanoparticles were deposited from an inert-gas
aggregation source (Mantis Deposition Ltd.), which is
described in detail elsewhere.14−16 Briefly, a flux of Pt atoms
is produced in a source chamber by magnetron sputtering of a
99.9% purity Pt target (Williams Advanced Materials Inc.).
Sputtered atoms are then condensed into nanoparticles using
cooled Ar or He atoms, and emitted from the source chamber
through an exit nozzle into a second vacuum chamber. As 30 to
80% of the nanoparticles produced using this method are
ionized15,17 a quadrupole mass filter mounted in the second
vacuum chamber filters the nanoparticles according to their
mass-to-charge ratio. The nanoparticles exiting the quadrupole
are then focused via electrostatic lenses onto SiO2/Si wafers
mounted in Omicron VT sample holders in the main vacuum
chamber. For these experiments the nanoparticles are deposited
in a soft-landing regime (i.e., ∼they have a kinetic energy of
≤0.1 eV/atom).
An interesting aspect of this work is the choice of substrate,

which in this case is a 100 nm thick SiO2 layer grown via wet
chemistry on 300 μm thick Si(111) wafers. The wafer design
will be described more fully in a future publication, but certain
important details should be mentioned. First, the wafer has a
sandwich type structure, with a 100 nm thick SiO2 on the
topside, the middle section is Si(111), and on the wafer
backside is a platinum resistance-temperature device (RTD)
lithographically integrated to allow for accurate temperature
measurements. During the temperature-programmed desorp-
tion experiments, the wafers were heated resistively by passing
direct current through the Si wafer, with the wafer temperature
monitored by measurement of the resistance of the RTD and
comparison of the resistance to externally calibrated temper-
ature/resistance curves. The RTD was electrically isolated from
the Silicon wafer via a 100 nm thick silicon nitride layer. The
wafers were designed and produced at DTU-Nanotech.
To ensure the cleanliness of the samples prior to the CO

adsorption experiments, after insertion into UHV the entire
manipulator head (including sample holder and sample) was
degassed at 600 °C for 12 h. The SiO2/Si wafers were then
annealed to 500 °C based on the RTD calibration, and then
exposed to 10−6 mbar O2 for 30 min, to oxidize any
hydrocarbons that might be present on the SiO2 surface.
After the oxidation, the samples were cooled to room
temperature (typically 45 min) before the nanoparticles were
deposited onto the surface. Ion scattering spectroscopy (ISS)
was used to confirm the cleanliness of the as cleaned SiO2
surface, and of the surface directly after the deposition of Pt
nanoparticles. The ISS spectra were recorded using 980 eV He+

ions produced by a differentially pumped electron impact ion
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source (ISE 100, Omicron Nanotechnology). The reflected
ions were detected at a 147° scattering angle with a
hemispherical energy analyzer.
TPD experiments were performed in the preparation

chamber of the UHV system. The samples were dosed with
isotopically labeled 30 amu 12C18O molecules (CIL, two
percent 16O), to distinguish from the background 12C16O. The
12C18O was dosed through a leak valve until a chamber pressure
of 10−7 mbar was attained, for a dosing time of 10 min,
corresponding to an exposure of 60 langmuir, sufficient to
saturate the surface. After dosing was completed, the chamber
was evacuated, then the sample temperature was ramped at a
rate of 1 K/s in UHV and the 12C18O desorption from the
substrate was analyzed using a differentially pumped Balzers
QMA 125 quadrupole mass spectrometer (QMS). The
spectrometer was equipped with an oxygen-free high
conductivity copper sniffer tip with a 1 mm diameter aperture,
positioned within 0.5 mm of the sample surface. This
arrangement allows the local gas composition above the sample
surface to be measured with negligible contribution from the
sample holder or surroundings. The temperature ramp of the
TPD was controlled via a Labview script that regulated the
power supply heating the SiO2/Si-wafer based on the resistance
measured across the RTD. The maximum temperature during
the ramps was 700 K, which is below the onset temperature of
∼770 K and 2 mbar of O2 for Ostwald ripening of Pt
nanoparticles supported on SiO2.

18,19 Thus, we do not expect
the nanoparticles to coarsen during the TPD experiments.
Single Crystal. For the single crystal experiments,

performed in the second vacuum system, we used a 5 mm
diameter Pt(111) single crystal supplied by MaTecK. The
crystal has three holes drilled parallel to the surface (111)
plane. A 0.38 mm tungsten wire used for heating is looped
through two of these holes, while a K-type thermocouple is
secured into the third hole to allow for measurement of the
crystal temperature. The back ends of the tungsten loop are
screwed onto a cryostat, which could be air cooled to 300 K, or
to 80 K using liquid nitrogen. A PID algorithm is used to
regulate the power supplied to the tungsten wire based on the
temperature read from the thermocouple, allowing for stable
temperature control.
The Pt(111) single crystal was cleaned by sputtering with 1.2

keV Ar ions, with the crystal temperature maintained at 1273 K.
After sputtering, the crystal was further annealed for 1 min at
1273 K. The cleanliness of the crystal was verified by LEED,
ISS, and XPS. In order to roughen the Pt crystal surface, the
crystal was sputtered with Ar ions at various temperatures
between 88 and 673 K. In these experiments, the crystal was
sputtered under the same conditions as for the cleaning
procedure, however with the crystal temperature kept constant,
and with no post sputter annealing treatment. It was observed
that annealing of the sputtered crystal at 1273 K for 1 min
could restore the crystal surface to the state of the purely
annealed crystal, as determined by XPS, and CO desorption
experiments, in agreement with ref 20. We therefore conclude
that the sputtering process does not contaminate the surface.
In the TPD experiments, 12C16O was dosed at 2 × 10−7 mbar

in the main vacuum chamber for 500 s while cooling the crystal
down from the temperature at which it was sputtered. When air
cooling was used, the crystal did not cool down sufficiently fast
and dosing CO for an extra 500 s was needed until the sample
reached a temperature of 313 K. The total CO dose was on the

order of 100 L, more than sufficient to saturate the surface with
CO.

Mbar Range CO Experiments. For CO dosing pressures
in the mbar range, an important consideration is the potential
for traces of Ni−carbonyl contamination in the gas to react on
the Pt surface, and deposit Ni. In order to minimize the
potential for Ni contamination, the 12C16O gas was passed
through an active carbon filter, and second through a liquid
nitrogen cold trap. In addition to the gas cleaning procedures,
the gas lines leading from the filters to the high pressure cell are
made from copper, rather than stainless steel, and the high
pressure cells are constructed from Ni free steel. After the high
pressure experiments, the lack of any Ni contamination in both
the nanoparticle and single crystal systems was verified by ISS,
and/or XPS.

■ RESULTS
Structural Features for Low Pressure CO Dosing. In

Figure 1, we show the CO TPD spectra from the Pt(111)

single crystal, prepared with different degrees of sputtering:
annealed at 1273 K, sputtered at 373 K, sputtered at 573 K, and
sputtered at 673 K. In the figure, the QMS-signals from the
desorbing CO have been normalized to their maximum signal
height to enhance the sputter dependent desorption features of
each spectra. From the purely annealed crystal, the CO
desorption spectra is a single broad feature spanning from 300
to 500 K, consistent with results by Steininger.11 In
comparison, for sputtered crystal surfaces a second desorption
feature appears in the spectra between 500 and 550 K. It is clear
from the figure that the lower the sputtering temperature, and
therefore the rougher the surface,20 the more significant the
shoulder at high temperature. This trend is consistent with the
expectation for undercoordinated Pt atoms present on the
rougher/sputtered surface to provide stronger adsorption sites
for CO molecules,10 which should be apparent as a shift in CO
desorption to higher temperatures. To summarize, the rougher
the surface, the higher the proportion of strongly bound CO.

Figure 1. CO TPD spectra from the Pt(111) crystal after different
preparations. The crystal was cooled to RT from the indicated sputter
temperature in a background CO pressure of 10−7 mbar for 10 min.
The TPD ramp rates were 2 K/s.
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A second, less obvious feature of the CO desorption spectra
from the single crystal is the narrowing of the low temperature
desorption feature for increased surface roughness. The
narrowing of the main desorption peak due to lower sputter
temperatures, and therefore rougher surface topography,
suggests a disruption of the ordering of CO on the terraced
surface regions. The narrowing of the peak is reminiscent of the
narrow desorption feature observed by Steininger for low
coverage CO doses on a clean Pt(111) crystal e.g. 30%
coverage of the CO monolayer, as well as the comparatively
narrow low temperature desorption features observed on the
stepped Pt(321)12 and Pt(112)21 surfaces.
In Figure 2, we present TPD spectra taken from the single

crystal, both after annealing and after room temperature

sputtering, and compare these with the TPD spectra of ∼11 nm
Pt nanoparticles supported on SiO2. As the samples were
prepared in different vacuum systems, the CO dosing and TPD
procedures were made as similar as possible. In the case of the
single crystal, CO was dosed at 10−7 mbar for 10 min, directly
after annealing or sputtering of the crystal. The CO TPD’s were
then performed at a heating rate of 1 K/s. For the nanoparticle
sample, 12C18O was dosed immediately after the particle
deposition was completed (depositions typically take 10 min
from start to finish), at 10−7 mbar for 10 min, before
performing the temperature ramp at 1 K/s. Again the spectra
have been normalized to their respective maxima to better
compare the shapes of the desorption spectra. The desorption
spectra taken from the single crystal are similar to those shown
in Figure 1, consistent with the minor change in ramp rate.
More noteworthy is the desorption profile from the 11 nm
particles. Here the 12C18O desorption kicks off at essentially the
same temperature as the single crystal (SC), then forms a
comparatively narrow main feature centered at 390 K, followed
by a shoulder at high temperature that extends to 575 K. For
comparison, in the TPD spectra of the sputtered SC the CO is
fully desorbed by 540−550 K.
In parts a−f in Figure 3, we show size distributions of the

three nanoparticle sizes investigated in this manuscript, along

with some representative TEM micrographs. The size
distributions were determined by measuring the particle cross
sections from TEM images, and then assuming a spherical
morphology in order to determine a diameter. The images are
of the as-deposited nanoparticles, supported on either
amorphous carbon or SiO2 grids. The (b) 3 nm and (d) 6
nm particles have very circular cross sections, suggestive of
near-spherical geometries, whereas the majority of (f) 11 nm
particles have well-defined facet edges, and morphologies
consistent with octahedra or cuboctahedra. When lattice fringes
were observed under high resolution imaging, the fringe
separations were always consistent with separations expected
for the bulk Pt fcc structure. In general, the particle shapes are
not perfect Wulff constructions, i.e., not in the lowest energy
configuration. This is not surprising, as the gas aggregation
growth method is a far from equilibrium process, and
consequently the particles should not be expected to have
uniform shapes.
Part a and b of Figure 4 show TPD spectra from SiO2

supported samples of the 3, 6, and 11 nm particles shown in
Figure 3. In Figure 4a, we show the first TPDs after the
depositions, while in Figure 4b the second TPD is shown. The
QMS-signals have been normalized to the maximum signal
height to make apparent the different desorption profiles for
the different particle sizes. From Figure 4a, we can see that as
the mean nanoparticle size is reduced from 11 to 3 nm, the high
temperature feature in the CO desorption spectra becomes
more prominent. The trend is consistent with smaller
nanoparticles having a higher proportion of undercoordinated
sites. In Figure 4b, which shows the second TPD of each
sample, there are only minor differences from the spectra
shown in Figure 4a. The reduction in the shoulder in Figure 4b

Figure 2. Comparison of CO TPD spectra from the annealed Pt(111)
crystal, a sputtered Pt(111) surface, and from 11 nm particles
supported on SiO2/Si. Each of the samples was dosed at room
temperature, in a background CO pressure of 10−7 mbar for 10 min,
and the ramp rate of each TPD was 1 K/s.

Figure 3. Pt particle size distributions and TEM micrographs of
particles prepared under different source conditions. (a and b) 3 nm,
(c and d) 6 nm, (e and f) 11 nm.
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is consistent with our expectation that the first TPD will reduce
some of the initial roughness of the particles inherent to the
aggregation process, due to a brief annealing during the
temperature ramp. On selected samples, we performed three
successive TPD’s, and confirmed that the second and third
TPDs have exactly the same shape (not shown), supportive of
the idea of some minor rearrangement of the particle
morphology with annealing.
To summarize the results presented in this section, Figures 1,

2, and 4 demonstrate that the temperature dependence of the
CO desorption is closely linked to the coordination of the
exposed Pt atoms, and that CO TPDs are a useful probe of
surface structure.
Structural Features for High Pressure CO Dosing and

Annealing. Having established the use of CO TPDs as a way
to probe the surface structure of Pt, in the next set of
experiments, we investigate the effects of higher CO pressures
on the surface structure of the different Pt systems. In Figure 5,
we show CO desorption spectra from a crystal sputtered at 373
K, then transferred to the high pressure cell, and maintained at
this temperature in 10 mbar CO for 10 min. The sample was

allowed to cool in the CO until a temperature of 300 K was
reached, at which point the CO was evacuated, and the TPD
performed. We also show the corresponding experiment from a
sample sputtered and annealed at 573 K. Each high pressure
spectra is compared against spectra from the purely annealed
crystal, the freshly sputtered crystal, and the sputtered crystal
after vacuum annealing for 10 min at the relevant temperature.
It can be seen from Figure 5a that at 373 K the presence of 10
mbar CO has virtually no effect on the desorption spectra,
while from Figure 5b for the crystal at 573 K the presence of 10
mbar CO produces a large annealing effect. Note that the same
annealing effect on the crystal maintained at 573 K was
observed for a 2 mbar CO pressure. It is apparent from the
results that CO has the effect of aiding the diffusion of
underlying Pt atoms, beyond the effect of the temperature
alone.
To extend the high pressure experiments to the nanoparticle

system, a similar procedure was followed for the Pt/SiO2

samples with 3, 6, and 11 nm particles. In each case, the
samples had first been treated to two prior 12C18O dosing/TPD
cycles, so that the particles had already been through two

Figure 4. 12C18O TPD spectra from Pt nanoparticles produced using source conditions and filtering for 3, 6, and 11 nm particles, deposited onto
SiO2/Si supports: (a) first TPD; (b) second TPD. The ramp rate was 1 K/s.

Figure 5. CO TPD spectra from (a) the annealed Pt(111) crystal, sputtered at 373 K, sputtered then annealed for 10 min at 373 K, and sputtered at
373 K with a 10 min anneal in 10 mbar CO and (b) the annealed Pt(111) crystal, sputtered at 573 K, sputtered then annealed for 10 min at 573 K,
and sputtered at 573 K with a 10 min anneal in 10 mbar CO. The ramp rate of each TPD was 2 K/s.
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temperature ramps, and thus should have attained a stable
structure. After the second low pressure TPD, the samples were
inserted into the high pressure cell, where they were annealed
at 573 K in ∼5 mbar of 12C16O. After annealing at 573 K for 10
min, the samples were cooled in the CO atmosphere until a
temperature of 300 K was reached, at which point the CO in
the cell was evacuated, the samples transferred to the main
vacuum chamber, and the TPD performed. The TPDs from
each sample are shown in Figure 6, where the full line is from
the second 12C18O TPD, and the dashed line is from the
subsequent HP TPD.
Beginning with the TPDs of the 3 nm particles, after

annealing in CO there is a slight shift of the low temperature
desorption feature, but the main difference is the more
prominent high temperature shoulder, which does not decay
fully until well past 550 K. For the 6 nm particle sample, the
low temperature desorption feature is very similar for the low
and high pressure dosings, however the high temperature
feature of the high pressure sample is much more prominent,
forming a separate peak. The increased prominence of the high
temperature feature was observed for three different 6 nm
samples, prepared under similar conditions. For the 11 nm
particles, there are no significant differences in the desorption
spectra for low or high pressure dosings.
Along with the TPD spectra, we also include ISS spectra

taken from the samples after the HP experiments. From the ISS
spectra of these three samples, we observe only the expected
oxygen, silicon, and platinum peaks. We show the ISS spectra
because of the possibility of Ni−carbonyls being deposited on
the particle surface during the high temperature dosing, unless
the appropriate cleaning procedures are followed. We should
stress that when the correct gas cleaning procedure was not
followed, a clear feature in the ISS spectra was observed at 770
eV, which we assigned to Ni. Hence, we are confident that the
features seen in the TPD spectra of Figure 6 are related to
structural changes of the Pt particles and are not a consequence
of sample contamination.

■ DISCUSSION

Low Pressure Dosing Experiments. From the roughened
single crystal, the additional desorption feature between 500
and 550 K is consistent with results from stepped single Pt
crystals, such as the Pt(112) surface, where a desorption feature
is observed between 500 and 550 K,21 assigned to CO bound
solely at Pt(100) step-edges. Thus, we expect the roughened
single crystal to consist of close packed step edges, as in the
Pt(112) crystal, and unlike the Pt(321) crystal,12 which has
severely undercoordinated step atoms, where the steps consist
of a kink site for every step site. This seems likely as, unlike on
the Pt(321) surface, there should be no long-range elastic strain
on a roughened single crystal driving the surface to form such
energetically unfavorable kink sites. On the otherhand, for the
nanoparticle samples where the desorption does not fully decay
until ∼575 K, the desorption temperature is consistent with
CO desorption from the kinked Pt(321) surface.12 Per unit
surface area, nanoparticles have a large number of highly
undercoordinated atoms at facet edges and vertices, similar to
the coordination of atoms on the Pt(321) surface. Of course,
the smaller the nanoparticle, the higher the surface area fraction
of these undercoordinated sites. This is seen in the TPD
spectra shown in Figure 4, where the smaller particles have a
higher shoulder feature, and also more CO desorption above
550 K than the 11 nm particles.
Aside from our observation of changes to the coordination

dependent binding of CO to the nanoparticles and single
crystal, an interesting topic is the particle size dependence of
the binding energy itselfthe phenomena where for instance
CO molecules bind more (or less) strongly to fully coordinated
facet sites of 2 nm particles, than to the equivalent sites of 11
nm particles, possibly due to strain effects. For example, it has
been reported that oxygen atoms bind more strongly to small
Pt particles than to larger Pt particles.22 On the contrary,
however, from a recent CO adsorption study of Pt particles
grown on HOPG, lower CO desorption temperatures were
observed for smaller particle sizes, suggesting a decreasing CO
binding energy for decreasing particle size.23 This latter result is

Figure 6. (a) CO TPDs from nanoparticle samples for particles of 3, 6, and 11 nm. The full lines are the spectra measured for the second 12C18O
TPD of each sample, as shown in Figure 4 . The dashed lines are the 12C16O signals measured after the subsequent annealing of the samples at 573 K
in 5 mbar 12C16O. (b) ISS spectra from the corresponding samples taken after the high pressure TPD was completed.
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comparable to the decrease in binding energy of CO with
decreasing nanoparticle size for Pd nanoparticles supported on
Fe3O4, observed by microcalorimetry.24 From the TPD spectra
of our nanoparticles in Figure 4, there is no clear indication of a
size dependence to the binding energy. If anything, from Figure
4b, where the CO TPD’s of each of the nanoparticle ensembles
desorbs at exactly the same temperature, there is evidence
against a particle size dependence for the sizes investigated in
this study.
Mbar Pressure Annealing Experiments. The annealing

out of the single crystal under high CO pressures is a likely
consequence of the greater binding energies of CO molecules
to undercoordinated Pt atoms at the sputter induced defects.
Studies have shown that CO can cause a breaking of Pt−Pt
bonds on the surface of Pt crystals,10,13 as the increased binding
energy of CO to undercoordinated Pt atoms is on the order of
the strength of the intermetallic bonds, i.e., the difference in
intermetallic bonds of a 5-fold coordinated Pt atom compared
with 6-fold coordinated atom is similar to the additional bond
energy of CO to a 5-fold coordinated rather than to a 6-fold
coordinated atoms. The fact that CO can actively increase the
number of undercoordinated Pt atoms with only minor
enthalpy changes is considered to be driven by the higher
entropy of the roughened surface. Our observations illustrate
that an additional consequence of the CO−Pt binding is a
reduced diffusion barrier for the Pt atoms, as signaled by Figure
5, where the presence of CO hastens the reorganization of the
crystal into a state of low surface roughness. This reduction in
adatom diffusion barrier due to gas adsorption has been
observed for the hydrogen/Pt(110) system, where the binding
of atomic hydrogen to Pt adatoms was visible by STM.25

The benefits of annealing in CO has been observed before in
other systems, for instance Kibler et al.26 have studied the
effects of cooling flame annealed Pt single crystals in gases such
as hydrogen, carbon monoxide, and air, and demonstrated the
different surface morphologies that can result under the
different gas conditions. In these experiments, there was a
noticeable reduction in the surface roughness, and a higher
degree of surface ordering, when the crystals were cooled in
reducing environments. In electrochemical environments, the
sweeping of the cell potential in a CO saturated electrolyte has
been shown to induce surface structure changes on Pt
electrodes,5 suggesting enhanced mobility of Pt atoms when
bonded to CO. It has also been observed for nanoparticulate
samples supported on high surface area carbon supports, where
electrochemical annealing in CO is found to aid the formation
of defect free CO adlayer structures.27 As far as we are aware,
our experiments are the first to evidence the annealing effect of
CO in vacuum environments.
Reversible roughening of the vicinal Pt(557) and Pt(332)

crystals due to ∼mbar CO pressures has been reported in the
literature4 (reversible in the sense that after evacuation of the
CO, the crystal surface restructured back to its original
configuration), but without an in situ probe it is difficult
from our experiments to conclude whether the mbar CO
pressures induced a roughening of the crystal. Certainly from
the TPD of the samples heated at 373 and 573 K in 11 mbar
CO, there is no increase in the amount of CO adsorbed on the
crystal surface at high temperature (i.e., the shoulder feature is
not more prominent); however, we cannot exclude the
possibility that a pressure dependent reconstruction took
place when evacuating the cell and transferring the sample to
high vacuum, as has been suggested previously by experiments

involving the IR sum generation technique.28 However, the lack
of evidence for CO induced roughening from our experiments
is consistent with a pressure dependent study of Besenbacher et
al.,29 which did not observe any structural changes to the
Pt(111) surface for CO pressures up to 1 bar.
It is interesting to note that the nanoparticles exhibit the

opposite effect to the Pt single crystal when annealed in mbar
CO pressures. For the nanoparticles, mbar CO pressures and
elevated temperatures leads to an increase in the amount of CO
bound at high temperature, at least for the 3 and 6 nm particles,
which we interpret as a consequence of a CO induced
restructuring to the facets, to accommodate more CO. A recent
work by Yoshida et al.30 observed via E-TEM that 3 nm Pt
particles become more rounded in 1 mbar of CO, consistent
with our interpretation of the TPD results. The particle
roughening is similar to the breakup of stepped Pt surfaces.4

Interestingly, the observed roughening of the particles was most
noticeable for the 3 nm and especially 6 nm particles, while it
was virtually un-noticed for the 11 nm particles. From the
stepped Pt(557) and Pt(332) crystals,4 which respectively have
terrace widths of 12 or 6 atoms after CO adsorption, the terrace
widths are similar in magnitude to the diameters of the smaller
nanoparticles of this study. From the experimental evidence of
both systems, we therefore speculate that the CO induced
restructuring of the nanoparticles could be a consequence of
surface strain, though further insight requires detailed
calculations (e.g., density functional theory), or more
sophisticated experiments. We expect however that the
roughening phenomenon we have observed could have
implications in a number of areas of catalysis, e.g., for
dissociation reactions that occur on sites with differing nearest
neighbor geometries, e.g., steps, or for fuel cell applications
where the Pt particle size with the highest mass activity is 3 to 4
nm.

■ CONCLUSIONS
We have demonstrated the use of temperature-programmed
desorption as a structure sensitive probe, that can establish the
presence of undercoordinated Pt atoms on single crystals and
nanoparticles. By applying this technique to two model
systems, the Pt(111) crystal and mass-selected nanoparticles,
we have found good agreement between the desorption
characteristics of the roughened single crystal, and the
undercoordinated sites that predominate on nanoparticles.
The high temperature desorption features of the nanoparticles
were consistent with both the roughened single crystal, and
literature results from vicinal Pt crystal surfaces.
In our high pressure CO experiments on the single crystal,

the presence of CO was found to be beneficial for annealing a
rough crystal surface. This phenomenon is considered to be
due to CO induced weakening of the intermetallic bonds of
undercoordinated surface Pt atoms, allowing more mobillity of
these atoms, which leads to a faster relaxation of the surface to a
thermodynamically favorable configuration. From the nano-
particles of 3 and 6 nm diameters, there was a clear increase in
the proportion of CO bound at high temperature when
annealed at 5 mbar, which we interpret as an increase in the
density of undercoordinated Pt atoms on the particle surface.
The increased CO adsorption was not so apparent for the 11
nm particles, which we speculate is due to a size dependent
strain effect.
In future, high resolution environmental TEM experiments

would also shed light on any morphological changes that the
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3−6 nm Pt nanoparticles undergo in reaction conditions. We
also consider it worthwhile to examine whether the CO
induced roughening of the particles has any bearing on the
reactivity of the nanoparticles, e.g., for methanation or CO
oxidation.
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