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Abstract 

 

Structure, Mobility, and Composition of Transition Metal Catalyst Surfaces: High-Pressure 

Scanning Tunneling Microscopy and Ambient-Pressure X-ray Photoelectron Spectroscopy 

Studies 

by 

Zhongwei Zhu 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Gabor A. Somorjai, Chair 

 

Surface structure, mobility, and composition of transition metal catalysts were studied 
by high-pressure scanning tunneling microscopy (HP-STM) and ambient-pressure X-ray 
photoelectron spectroscopy (AP-XPS) at high gas pressures. HP-STM makes it possible to 
determine the atomic or molecular rearrangement at catalyst surfaces, particularly at the 
low-coordinated active surface sites. AP-XPS monitors changes in elemental composition 
and chemical states of catalysts in response to variations in gas environments. Stepped Pt 
and Cu single crystals, the hexagonally reconstructed Pt(100) single crystal, and Pt-based 
bimetallic nanoparticles with controlled size, shape and composition, were employed as 
the model catalysts for experiments in this thesis. 

Surface reconstruction at low-coordinated step sites at high gas pressures was first 
explored on a stepped Pt(557) single crystal surface under O2. At 298 K, 1 Torr of O2 is 
able to create nanometer-sized clusters that are identified as surface Pt oxide by AP-XPS, 
which covers the entire Pt(557) surface. On the flat Pt(111) surface under 1 Torr of O2, Pt 
oxide clusters can form but are mostly accumulated within 2 nm from the steps. The 
hexagonal oxygen chemisorption pattern is observed on the terraces. At lower pressures 
such as 10-7 Torr, O2 only adsorbs at the step edges on Pt(557). The majority of the Pt oxide 
clusters disappear on both Pt(557) and Pt(111) surfaces after O2 is evacuated to the 10-8 
Torr range. Quantitative XPS analysis with depth profiles indicates that the Pt oxide 
formed on Pt(557) is less than 0.6 nm thick and that the Pt oxide concentration at surface 
together with oxygen coverage varies reversibly with the O2 pressure. 

The disappearance of Pt oxide clusters upon O2 evacuation is ascribed to reactions of Pt 
oxide towards H2 and CO in the vacuum background gases. The structure and surface 
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chemistry of the Pt(557) surface was therefore studied under H2-O2 and CO-O2 mixtures. 
After exposing Pt(557) to approximately 1 Torr of O2 to induce the formation of Pt oxide 
clusters, H2 was slowly added into the system. Both HP-STM and AP-XPS results show 
that the Pt oxide coverage decreases with the H2 partial pressure and that all the Pt oxide 
disappears at H2 partial pressures above 43 mTorr. Pt steps are restored with the removal 
of Pt oxide clusters. Water is produced in the gas-phase, which co-adsorbs with hydroxyl 
species on Pt(557). Detailed analysis shows that the consumption of surface Pt oxide is 
exclusively responsible for the decrease of oxygen coverage on Pt(557). In the coexistence 
of 1 Torr of CO and 1 Torr of O2, Pt oxide clusters are not observed like under the H2-O2 
mixture. Instead, triangular Pt clusters and double-sized terraces induced by CO are 
observed. 

Influences of step configuration on the surface restructuring processes were studied on 
Pt(557) and Pt(332) that differ only in the step orientation. 500 mTorr of CO creates Pt 
clusters shaped as triangles and parallelograms on Pt(557) and Pt(332), respectively. When 
500 mTorr of C2H4 was introduced afterwards, Pt clusters are removed on Pt(332) but 
preserved on Pt(557). The three-fold hollow sites at the (111) steps enable the Pt(332) 
surface to accommodate ethylidyne even covered by CO. As a result, kink Pt atoms at the 
cluster edges are driven to diffuse to form straight steps, so as to admit more ethylidyne at 
steps. In contrast, Pt(557) has (100) steps on which ethylidyne does not adsorb, therefore 
keeping the island structure after the introduction of C2H4. When 500 mTorr of C2H4 was 
added first into the high-pressure cell, a periodic pattern is resolved at step edges on 
Pt(332). In contrast, some bright species separated by more than 1 nm are observed on 
Pt(557). Further introducing 500 mTorr of CO does not facilitate the formation of Pt 
clusters. 

The structure and mobility under C2H4, H2, and CO were also studied on the Pt(100) 
surface, whose topmost layer is rearranged into a hexagonal overlayer in vacuum. Under 1 
Torr of C2H4, the hexagonal reconstruction is preserved on Pt(100), which is covered by 
highly mobile adsorbates. Pt atoms on the hexagonal layer can also move as a result of the 
weakened interaction between the surface layer and the bulk. The mobility is enhanced 
under 1 Torr of 1:1 C2H4-H2 mixture because the Pt(100)-hex surface is active in ethylene 
hydrogenation. The surface mobility along with the catalytic reaction is quenched after 
introducing 3 mTorr of CO. Meanwhile, the hexagonal reconstruction is lifted by the 
adsorption of CO. At 5 × 10-6 Torr of C2H4, CO from background gases can also adsorb on 
Pt(100), creating Pt islands that do not revert to the hexagonal surface when the C2H4 
pressure was further increased to 1 Torr. 

In order to understand the effect of substrates on surface reconstruction, the structure of 
the stepped Cu(557) surface was monitored in equilibrium with high pressures of gases. 
Cu generally binds to the reducing gases such as CO, H2, and C2H4 weaker than Pt, leading 
to a lower coverage on Cu than on Pt at the same gas pressure. Accordingly, 12 Torr of 
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CO is required to induce clusters on Cu(557), because higher CO pressures are needed to 
keep a sufficient amount of CO that can stabilize clusters. At 1 Torr, large terraces with an 
average width of 23 nm are observed on Cu(557), because of the low diffusion barrier for 
Cu atoms both on terraces and along the steps. 500 mTorr of H2 results in step coalescence 
on Cu(557), giving rise to 6 nm wide terraces. C2H4 adsorption at 500 mTorr results in 5 
nm large clusters. CO does not change the Cu(557) surface structure while adding into 
C2H4, but causes the appearance of large terraces while co-adsorbing with H2. Under 
oxidizing gases, for example 1 Torr of O2, the Cu(557) surface is significantly oxidized, 
forming thick layers of Cu oxide. 

Pt-based bimetallic nanoparticle catalysts were also investigated with AP-XPS under 
reaction conditions to study their surface chemistry. PtFe nanoparticles do not undergo 
any surface segregation at 298 K when the gas environment changes, but surface Fe atoms 
are partially reduced under the C2H4-H2 mixture and partially oxidized under O2. Neither 
does the surface composition of Pt9Co-Co core-shell nanoparticles change while heating 
under H2 even to 673 K nor do oxidation states. In Pt−Ni systems, at 393 K, Ni is oxidized 
under O2 and migrates to the surface because Ni is more susceptible to oxidation than Pt. In 
contrast, when the surface is reduced by H2, Pt segregates to the surface since the surface 
free energy of Pt is lower. Such segregation does not occur at 353 K owing to the low 
atomic mobility in lattice. 
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Chapter 1  

Introduction 

Abstract 
The importance of in situ investigation of catalyst surface structure, mobility, and 
composition is presented in this chapter. Deep understanding of surface reconstruction and 
adsorbate mobility under high pressures of gases is essential in heterogeneous catalysis. 
Among all the in situ techniques, high-pressure scanning tunneling microscopy advances 
in providing local structural information at the molecular level. Ambient-pressure X-ray 
photoelectron spectroscopy can identify the surface composition and chemical states. 
Model catalysts used in the experiments of the thesis, well-controlled stepped metal single 
crystals and bimetallic nanoparticles, are also briefly introduced. 
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1.1 Importance of In Situ Structural Investigation on Catalyst Surfaces 
Heterogeneous catalysis has been attracting a great deal of attention for over a century 
thanks to its essential influence on global economy, since most of industrial products are 
synthesized through heterogeneously catalyzed reactions.1,2 Catalysts accelerate reactions 
by breaking the original rate-limiting step into several extra steps, each with lower 
activation barriers. The involvement of catalysts is also able to direct multipath reactions 
preferentially into one pathway, selectively yielding the desired products. By virtue of the 
effects on enhancing productivity and efficiency, catalysts have been frequently used in 
numerous fields such as pharmaceutical industry, petrochemistry, polymers, consumer 
products, and fuel cells.2 Continuous effort has been devoted to the development of 
economical and environmental catalysts, in order to address the increasing issues on 
energy consumption, by means of enhancing catalytic activity and selectivity. 

The rates of a great number of catalytic reactions, for example ammonia synthesis,3 rely 
on the structure of catalyst surfaces. Such reactions are classified as structure sensitive 
reactions,4 in which the catalyst surface structure plays a key role in catalytic performances. 
The catalyst surface structure governs sites for reactant adsorption, the beginning step in 
heterogeneous catalysis. The adsorption sites subsequently determine the strength of 
reactant adsorption and the adsorbate mobility, both important for catalytic turnovers. In 
addition, the population of an adsorbate layer in turn alters the structure of many catalyst 
surfaces, which is called adsorbate-induced reconstruction. Reciprocal influences between 
gas adsorption and the catalyst structure are thus appealing in surface science studies. 

Surface restructuring driven by adsorbates is an important molecular factor that affects 
catalytic performances. Seven molecular factors are identified as crucial in heterogeneous 
catalysis, including surface composition, oxidation states, reaction intermediates, catalyst 
size and morphology, adsorbate-induced reconstruction, surface mobility, and charge 
transfer between metal and oxide supports.5 Various techniques have been utilized in the 
past decades for molecular investigation of the principles of heterogeneous catalysis, such 
as low-energy electron diffraction (LEED), electron energy loss spectroscopy (EELS), 
molecular beam scattering, Helium atom scattering, X-ray photoelectron spectroscopy 
(XPS), Auger electron spectroscopy (AES), and scanning tunneling microscopy (STM). A 
vast database regarding the catalyst surface structure and reaction kinetics has been 
established in ultrahigh vacuum (UHV), as most conventional surface science techniques 
require well-controlled crystal surfaces under UHV conditions. Knowledge from UHV 
experiments has shed light on reaction mechanisms and design of outstanding catalysts 
with high activity and 100% selectivity. 

However, UHV studies have notably reduced the complexity of real catalysis that 
usually happens at or above atmospheric pressures, which are over 9 orders of magnitude 
higher than vacuum. Catalyst surfaces are able to admit a dense layer of molecules at high 
pressures, even though the binding between adsorbates and substrates can be weak. From a 
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thermodynamic point of view, the Gibbs free energy of gases increases with the pressure 
via the term kT·log P, leading to the decrease in the value of Gibbs free energy change for 
all the gas adsorption processes. A dense adsorbate layer is naturally populated at high gas 
pressures, which potentially causes some restructuring processes that are initially not 
simultaneous in vacuum to occur. It is thereby open to discussion whether knowledge 
acquired in UHV can be applicable to real industrial conditions, typically at elevated 
pressures and temperatures.  

A second approach to increase the gas Gibbs free energy other than raising the pressure, 
according to the term kT·log P that is negative because the pressure is lower than 1 bar in 
UHV experiments, is to cool the sample to low temperatures during measurements. In 
several systems, this method indeed results in the same structure as the structure formed at 
high gas pressures.6,7 Nevertheless, structures formed by the two manners differ in a lot of 
systems, since some thermodynamically favored processes are kinetically hindered after 
cooling because of high activation barriers. Metastable structure is observed at low 
temperatures in this case. Surface structure of catalysts therefore ought to be investigated at 
elevated pressures, in order to characterize the real catalyst structure during reactions. 
 
1.2 In Situ Characterization Techniques 
In attempt to probe the catalyst surface structure during catalytic reactions, surface 
scientists have developed a variety of in situ characterization tools. Most surface science 
techniques detect photons, electrons, and ions generated at the sample surface or scattered 
by the sample. Because electromagnetic waves interact with media weakly, techniques on 
the basis of photon-in and photon-out processes such as X-ray adsorption spectroscopy 
(XAS)8 and X-ray emission spectroscopy (XES)9 are appropriate for in situ investigation. 
Among all the photon-based techniques, sum frequency generation (SFG) vibrational 
spectroscopy is exclusively surface sensitive,10 since it requires the breaking of central 
symmetry that happens only at the interface between catalysts and reactants. As for 
methods involving electrons, the strong interaction between electrons and gas media leads 
to low electron mean free paths that limit the application of these techniques at high 
pressures.1 Nevertheless, a few electron-based techniques have been improved to 
accommodate the ability to work at elevated pressures. For instance, environmental 
transmission electron microscopy (E-TEM) is able to monitor the dynamic evolution of 
catalysts under gaseous environments or even in liquids.11 Two sorts of electron-based 
methods, STM and XPS, were employed for the in situ analysis of transition metal 
catalysts in this thesis. 
 
1.2.1 High-Pressure Scanning Tunneling Microscopy 
Since the milestone demonstration in early 1980s,12,13 STM has revolutionized surface 
characterization, thanks to the advantage in resolving the surface structure at the atomic or 
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molecular level on both metal14,15 and semiconductor16 surfaces. STM works principally 
with electrons tunneling from the tip end to a conductive sample surface provided a 
positive bias on the sample, or vice versa. Only electronic states at the sample surface, 
whether empty at a positive sample bias or filled at a negative sample bias, can thus be 
detected when the tip scans across the sample surface. In addition, the ability to provide 
extremely local structure information distinguishes STM from other techniques. Catalytic 
processes usually occur at special sites such as steps or kinks on metal surfaces, oxygen 
vacancies on oxides, and interfacial sites between metal and oxide supports. Spectroscopic 
information from these sites is averaged in the overall data owing to their low surface 
concentration, even if relevant knowledge could be gained indirectly through fitting. In 
contrast, STM is able to directly reveal the adsorption, diffusion, and turnover processes at 
specific surface sites. 

Unlike other electron-based techniques that encounter electron scattering by gas 
molecules at high pressures, STM is capable of working at a wide pressure range from 
UHV to atmospheric or even higher pressures. Because electrons travel through a gap of a 
few angstroms to tunnel between the tip and the surface, two orders of magnitude shorter 
than the electron mean free paths at atmospheric pressures,1 the majority of tunneling 
electrons reach the surface without getting scattered by gas molecules. Our group has 
pioneered in high-pressure STM (HP-STM) by filling gases into the STM chamber 
initially kept under UHV in the early designs.17,18 Several HP-STM systems were later 
established around the world,19-22 some with the ideas of high-pressure cell19 or 
micro-reactor.20 Lately in 2008, a new HP-STM system was built in our group,23 in which 
the STM head is assembled in a high-pressure cell coated by a layer of gold. The gold 
coating avoids possible reactions between gases and stainless steel used to construct the 
high-pressure cell, since gold is inert whereas the constituent elements in stainless steel are 
active at times. Nevertheless, the performance of STM is indeed impacted at high gas 
pressures, in the sense that adsorption and desorption processes at the tip surface render the 
STM tip structure unstable during imaging. Additionally, the thermal drift of the tip is 
severe relative to the drift in UHV experiments. 

HP-STM has uncovered the distinct surface structure at high pressures in a lot of 
systems. One typical example is the (3 × 3)-7NO adsorption pattern on Rh(111) only 
detectable under 30 mTorr of NO, whereas the (2 × 2)-3NO structure is observed at lower 
NO pressures.24 Reconstruction of substrate surfaces caused by gas adsorption is also 
revealed. For instance, a “missing-row” (1 × 2) structure forms on Cu(110) under 1 bar of 
H2, which reverts to the unreconstructed Cu(110) surface with the evacuation of H2 to 10-9 
bar.25 Pt atoms can be embedded into a monolayer FeO film grown on Pt(111) under 20 
Torr of CO at 520 K as a result of the partial reduction of the FeO film.26 HP-STM has 
unraveled the essence of high surface mobility in catalytic turnovers as well. When the 
hydrogen-deuterium exchange reaction occurs on Pt(111), no surface order can be 
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discerned because adsorbates diffuse much faster than the tip scans. However, once CO is 
introduced to poison the reaction, CO adsorption pattern on Pt(111) is clearly resolvable, 
owing to the fact that the adsorption of CO has impeded the diffusion of hydrogen and 
deuterium atoms and thus stopped the reaction.27 
 
1.2.2 Ambient-Pressure X-ray Photoelectron Spectroscopy 
Electrons and photons are emitted from the surface through various mechanisms in 
response to external X-ray excitation. Binding energy of core levels in the material can be 
analyzed by measuring the kinetic energy of photoelectrons, which can be used to identify 
elemental composition and oxidation states. Given the atomic sensitivity factor of each 
element at the given incident X-ray energy, surface composition can be quantitatively 
estimated via peak integration and deconvolution. XPS is surface sensitive because the 
inelastic mean free paths (IMFPs) of photoelectrons in measurements are commonly at the 
scale of several atomic layers. 

As an electron-based technique, XPS encounters the issue of strong electron scattering 
by gas molecules at ambient pressures. Photoelectrons need to travel tens of centimeters to 
reach the analyzer, but the mean free path of electrons under gas pressures of ~1 Torr is in 
the millimeter range.1,28 Differential pumping systems were invented to lower the pressure 
stage by stage on the way of photoelectrons to the analyzer, resulting in lower collision 
rates of electrons with gas molecules. Electron lens was later assembled with differential 
pumping stages, so as to further enhance the signal collection efficiency. Years after the 
birth of ambient-pressure XPS (AP-XPS), it was developed for the first time at the 
synchrotron radiation source in Lawrence Berkeley National Laboratory (LBNL).29 
AP-XPS is benefited by synchrotron not only because the exceedingly strong X-ray flux 
allows spectrum acquisition to be substantially faster than Mg or Al anodes, but also since 
the tunable incident energy permits structural analysis at different depths. Currently, 
photoelectron transmission is significantly promoted with the upgrade of the instrument to 
the third generation, leading to higher signal-to-noise ratio and shorter data acquisition 
time.30 AP-XPS has vastly demonstrated its advances in various applications, for example 
analyzing surface segregation of bimetallic nanocatalysts during reactions31,32 and probing 
the reaction kinetics in electrochemical cells.33 
 
1.3 Model Catalysts 
The rapid development of nanoscience and nanotechnology in the past decade has 
permitted unprecedented control of dimension, size, morphology, and composition during 
nanoparticle synthesis. As catalytic reactions occur at the interface between catalysts and 
reactant mixtures, nanoparticles exhibit superior productivity to bulk catalysts given the 
same mass, which is attributed to the high surface-area-to-volume ratio of nanoparticles. 
Moreover, nanoparticle surfaces are populated by low-coordinated surface sites that are 
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considered as the real active sites in heterogeneous catalysis. Figure 1-1 shows the 
structure of some typical low-coordinated sites along with the terrace sites. Accordingly, 
model catalysts need to be extended from the well-defined (111), (100), and (110) crystal 
facets to nanoparticles of well-controlled size, shape, and composition, which could be 
prepared from colloidal synthesis. 
 

 

Figure 1-1. Ball model of a catalyst surface showing different types of surface sites. 

 
However, STM studies on colloidal-synthesized nanoparticles are presently unfeasible, 

because the existence of polymer surfactants has reduced the conductivity and hence 
inhibited the acquisition of image with high resolution. Methods that can remove the 
capping agents also substantially roughen the substrate surface in the meantime, making 
metal nanoparticles difficult to differentiate from the corrugation on the rough substrate. 
Since STM is still limited to characterize well-controlled surfaces, model catalysts have 
been improved by growth of oxide layers on metal substrates,34 deposition of metal islands 
on oxide substrates,35-37 or deposition of one metal on another metal surface in vacuum.37,38 
After preparation, these model catalysts are transferred to the measurement chamber 
without loss of vacuum. In my studies, stepped metal single crystal surfaces, which are cut 
with a specific angle relative to the (111) surface, are used as the model catalyst to mimic 
nanoparticles. The high concentration of step sites present on stepped single crystals can 
represent the great number of low-coordinated sites on nanoparticle catalysts. Local 
structural changes at the step sites are monitored by means of HP-STM, to visualize the 
reconstruction at the real catalyst surfaces. 

The field of heterogeneous catalysis has seen the advantages of bimetallic catalysts in 
activity, selectivity, and stability over the past half a century.39-41 Such distinct properties of 
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bimetallic systems are attributed to electronic effect, which was proposed as early as in 
1950s.42 The electronic structure at a bimetallic surface is modified in two ways.40 
Irrespective of the formation of metal−metal solution or alloys by two metals, the average 
lengths of metal−metal bonds differ from the bond lengths in pure metal, giving rise to 
lattice strain in bimetallic catalysts. Furthermore, changes in the atomic orbital overlap in 
heteroatom bonds alter the electron band structure through the ligand effect. The 
modification in the electronic structure induces some unique behaviors of bimetallic 
materials such as surface enrichment and segregation during reactions,31 since each 
reactant gas may preferentially bind with one metal. In situ structural characterization of 
bimetallic systems, specifically on surface composition and chemical states, are necessary 
to understand the electronic structure and hence the outstanding performances. Bimetallic 
nanoparticles whose size, shape, and composition are well controlled are employed as 
model catalysts, to explore the surface chemistry under a variety of chemical conditions. 
 
1.4 Organization of Thesis 
This thesis is organized in 9 chapters. The motivation of in situ characterization of 
transition metal model catalysts has been introduced in this chapter. Chapter 2 describes 
the experimental techniques, particularly the HP-STM and AP-XPS instruments, along 
with relevant tools equipped in UHV systems. Studies of surface reconstruction on Pt 
single crystal surfaces are presented from Chapter 3 to 6. Chapter 3 discusses the formation 
of nanometer-sized Pt oxide clusters that preferentially nucleates at step sites on Pt(557) 
induced by 1 Torr of O2. Pt oxide is revealed as an important reaction intermediate for 
hydrogen oxidation and CO oxidation on Pt(557) in Chapter 4. Influence of step 
orientation on restructuring processes is explored under the CO-C2H4 mixture in Chapter 5. 
Chapter 6 investigates the preservation of hexagonal reconstruction and the surface 
mobility on Pt(100) under 1 Torr of C2H4 and 1 Torr of 1:1 C2H4-H2 mixture. CO 
contamination from the background gases can incorporate at low C2H4 pressures is also 
observed. Chapter 7 focuses on the structural evolution on Cu(557) under reactive gases, 
which is compared with the phenomena on Pt(557). Finally, surface chemistry of three 
sorts of Pt-based bimetallic nanoparticle catalysts is studied in Chapter 8. Chapter 9 
summarizes the results in the thesis and gives a brief outlook of the future directions. 
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Chapter 2  

Experimental Methods 

Abstract 
This chapter describes the principles of HP-STM and AP-XPS, the two in situ techniques 
used for measurements in the following chapters. The design of the HP-STM and AP-XPS 
instruments is particularly illustrated with detailed diagrams. Supplementary techniques 
for the experiments in this thesis, including UHV and AES, are also briefly discussed. 
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2.1 Introduction 
Structural investigation of catalyst surfaces under gases can be performed with HP-STM 
and AP-XPS, as discussed in the previous chapter, to acquire geometrical, electronic, and 
chemical information. Gas composition can be readily controlled by using high-purity 
gases. Clean metal crystal surfaces need to be prepared in UHV, since samples will be 
contaminated by adsorption of gases from background otherwise. On the basis of UHV 
systems, special design on the instruments is necessary to accommodate the ability to work 
at high gas pressures. Principles of STM and XPS, instrumental developments, and other 
relevant techniques are described in this chapter in detail. 
 
2.2 High-Pressure Scanning Tunneling Microscopy 
2.2.1 Principle of STM 
Electron wave functions at the surface can quantum mechanically decay away from the 
surface, given a finite energy barrier between the material and the media. Overlap of wave 
functions of two surfaces can cause electrons to tunnel from one material to the other. 
However, because wave functions decay exponentially with the distance to the surface, 
only when the two surfaces are in close proximity (typically a few angstroms) of each other 
can electron tunneling happen. In STM experiments, a sharp tip is placed close to the 
sample surface. A positive bias on the sample induces tunneling electrons to flow from the 
filled tip states to empty sample states, as shown in Figure 2-1, whereas electrons tunnel 
from the filled sample states to the empty tip states at a negative sample bias. STM images 
represent a complex convolution of the geometry and the electronic structure at the surface, 
rather than simply the surface topography. As STM works on the basis of electron transport, 
only conductor and semiconductor surfaces can be imaged. 

According to theoretic derivation, the tunneling current can be calculated by:1-4 

I	 ∝ V ∙ exp	ሺെAd√Φሻ 
where V is the bias voltage, d is the distance between the tip and sample, and Φ is the work 
function of the material. A is a constant that has an approximate value of 1.025 if d is in Å 
and Φ is in eV. For a typical value of 4 to 5 eV for the work function of most metals and 
semiconductors, the tunneling current decreases by an order of magnitude when the tip 
moves 1 Å away from the sample. As a result, tunneling solely occurs between the 
topmost layer of the sample and the tip apex atom, even though both the tip and the 
sample consist of numerous atoms. 

Small sample bias is commonly used for imaging metal surfaces. Electrons usually 
tunnel elastically between the tip and the sample, having the kinetic energy equal to eV. 
Tunneling electrons with high energy can serve as the energy source to promote physical 
and chemical processes to happen at the surface, including rotation,5 dissociation,6 and so 
forth. Images acquired at high sample bias thus may not reflect the real surface structure, 
and artifacts induced by high-energy electrons may appear. 
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Figure 2-1. Principle of electron tunneling from tip to sample at a positive sample bias. 

 
 

 
Figure 2-2. Diagram of STM working under the constant-current mode in a high-pressure 
cell. An electronic box and a feedback loop control the tip to scan across the sample 
surface at a tunneling current equal to a pre-set value. Green and blue balls on the sample 
represent atoms in the top layer and in the bulk, respectively, and red-yellow balls in the 
cell represent gas molecules. The sample surface is roughened upon gas adsorption. The 
tip is attached to the end of the scan tube, and a few atoms at the tip end are shown by 
light blue balls. 

 
During scanning, the tip is attached to a scanner made of piezoelectric materials that 

undergo slight shape changes in response to applied electrical field. Lead zirconate titanate 
ceramics are the most frequently used piezoelectric materials in STM. The deformation of 
piezoelectric scan tube is able to regulate the tip motion in x-, y-, and z-directions at the 
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nanometer scale. Intuitively, when the tip scans across the surface at the same height, the 
current fluctuates because of the atomic corrugation at the surface. Surface structure can 
be imaged by recording changes in the tunneling current. This STM working mode, which 
is called constant-height mode, is not commonly used since the tip can be easily damaged 
by any big protrusions on the surface, and also because the error in the tip-sample distance 
can be large when the tunneling current is small. The alternative method to improve the 
performance is to use a feedback loop that governs the z-motion of the tip by comparing 
the measured current and a pre-set value, as in Figure 2-2. If the measured current is 
smaller than the pre-set value, the tip moves close to the sample so as to reach the pre-set 
value, and vice versa. In this constant-current mode, the trajectory of the tip is recorded 
during scans and the tip-sample distance is kept at the similar level. 
 
2.2.2 The HP-STM Apparatus 
The home-built HP-STM system upgraded in 2008 is consisted of two UHV chambers 
along with a load lock.7 Figure 2-3 shows the overall schematic of the HP-STM instrument. 
The entire apparatus rests on a steel frame equipped with four air legs for damping of the 
building vibration. In addition, the frame prevents the instrument to move or fall in case of 
an earthquake since small earthquakes frequently happen in Berkeley. Each chamber is 
equipped with a mechanical pump (not drawn in the diagram), a turbo pump, and an ion 
pump. The load lock is pumped with the same mechanical pump and turbo pump as the 
STM chamber, but it has a separate small ion pump. The base pressure in the load lock and 
both chambers is kept at 10-10 Torr. 

Sample preparation is facilitated by the combination of Ar+ sputtering and annealing in 
the preparation chamber, as in Figure 2-4b. The sample resides on a stage made of alumina 
ceramics, on which a piece of Ta foil is placed to ground the sample. Ar+ bombardment is 
performed with a sputter ion gun emitting high-energy electrons that ionize Ar gases filled 
in the preparation chamber. The sputter position can be calibrated with Ta2O5 foil which 
turns purple while being sputtered. Thoriated tungsten wire of 0.015 mm in diameter is 
used as the filament for electron bombardment heating. Each end of the filament is fixed on 
a Ta wire with 1 mm diameter inserted in an alumina ceramic tube. The Ta wires are then 
attached on Cu wires that go towards the feedthrough on the chamber. While annealing, 
sample temperature is measured by a pyrometer, and the sample is cooled by water flow in 
stainless steel coils connected onto the sample stage. Sample cleanness after the 
sputtering-annealing cycles is assessed by an Auger Cylindrical Mirror Analyzer. The big 
Auger analyzer is mounted on bellows retractable with a hydraulic pump, in order to leave 
enough space for sample stage rotation during sample transfer. 

Samples are transferred between chambers and the load lock without loss of vacuum, 
through a transfer rod with a three-finger fork end. A wobble stick is employed to transfer 
the sample between the transfer rod and the HP-STM cell. A slit present in the back of the 
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sample holder matches the transfer arm, and two holes in the front of the holder fit the pins 
at the wobble stick end. Metal crystals of ~9 mm in diameter and ~0.7 mm in thickness are 
mounted on the sample holder with four pieces of small Ta foil and screws. 
 

 
Figure 2-3. Diagram of the home-built HP-STM instrument upgraded in 2008. 

 
 

 

Figure 2-4. Schematics of (a) STM chamber and (b) preparation chamber. Connection 
between chambers and connection to pumps are not drawn. 

 
Figure 2-4a displays that the STM chamber houses a high-pressure batch cell with a 

volume of ~19 cm3 for HP-STM experiments. This cell is coated by gold in order to avoid 
reactions between the reactor initially fabricated of stainless steel and gases, since gold is 
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inert whereas stainless steel is active. A port, which can be closed by a bayonet seal, is 
opened in the front of the cell for sample transfer and tip exchange. Reactant gases are 
introduced into the system through polyether ether ketone (PEEK) tubes. The gas pressure 
is measured by a Baratron capacitance gauge, which has two channels with measurement 
range of 0.1~1000 mTorr and 0.1~1000 Torr. Therefore for experiments at above 0.1 mTorr, 
gases are filled only into the high-pressure cell while the STM chamber is still under high 
vacuum, whereas gases are filled into the whole STM chamber that is isolated from the rest 
of the instrument by gate valves at pressures below 0.1 mTorr. The high-pressure cell is 
hanged by strings in the STM chamber for vibration damping. A halogen lamp along with 
an elliptical reflector is installed at the bottom of the STM chamber for heating the sample 
during HP-STM measurements. 
 

 
Figure 2-5. Cross-section view of the HP-STM cell coated by gold. 

 
The STM body is assembled into the Au-coated HP-STM cell whose cross-section view 

is shown in Figure 2-5. The tip holder made of steel is attracted to a bowl-shaped SmCo 
magnet glued at the bottom of the piezoelectric scan tube. A hexagonal sapphire surrounds 
the scan tube, and six packs of shear piezoelectric materials are attached to the sapphire for 
coarse approach. The other side of the shear piezoelectric plates is glued onto the STM 
body frame. These shear piezoelectric plates control the forward and backward movement 
of the scan tube in the walker mode. 11 Kapton-coated Cu wires are used to connect the 
scan tube (5 wires) and the shear materials (6 wires) to the pins on top of the HP-STM cell. 
The pins are subsequently connected to feedthroughs on the STM chamber. The tunneling 
current wire is attached to the end of the scan tube close to the SmCo magnet. 

Below the STM body, a sample stage is fastened through PEEK screws. Seven glass 
beads are precisely aligned between the sample stage and the STM body, in order to 
thermally isolate and electrically insulate the sample stage from the STM body by. The 
sample bias is put through a K-type thermocouple welded on the sample stage, which can 
also be used to measure the sample temperature during heating. The HP-STM system is 
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able to work at pressures up to 1000 Torr and at temperatures from 298 to 700 K. 
Highly ordered pyrolytic graphite (HOPG) is used to calibrate the HP-STM. Figure 2-6 

shows STM images of HOPG acquired in UHV both at low magnification exhibiting 
terraces and steps and at high magnification with atomic resolution. The z-movement of 
the scan tube is calibrated with the step height in Figure 2-6a, whereas movement in the x- 
and y-directions is calibrated with the periodicity in Figure 2-6b. Because interlayer 
interactions between graphite render two neighboring C atoms inequivalent, three-fold 
symmetry is observed in the atomically resolved STM image of HOPG, instead of the real 
honeycomb atomic packing. The STM image of HOPG hence directly evidences that STM 
measures surface electronic structure rather than surface topography. 
 

 

Figure 2-6. STM images of HOPG at (a) low and (b) high magnification. Flat terraces 
separated by a monatomic step are shown in (a), and the three-fold lattice is atomically 
resolved in (b). 

 
2.3 Ambient-Pressure X-ray Photoelectron Spectroscopy 
2.3.1 Principle of XPS 
XPS works on the fundamental basis of the photoelectric effect that electrons are emitted 
from materials after adsorbing photons with high enough energy. X-rays from either metal 
anodes or synchrotron radiation are used as the excitation source for photoemission in XPS 
measurements. The kinetic energy of those ejected photoelectrons is measured. According 
to Figure 2-7, the corresponding binding energy of electrons in core levels or valence levels 
are given by: 

ܧ ൌ ߥ݄ െ ܧ െ 	ߔ
where ν is the photon frequency, Ek is the electron kinetic energy, and Φa is the analyzer 
work function. Electrons at the Fermi level in the materials are set as having zero binding 
energy. An XPS spectrum is acquired by measuring the counts of photoelectrons per 
second as a function of binding energy. Peaks in XPS spectra are used for elemental 
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analysis of the surface. Like STM, XPS experiments also require conductive surfaces. 
Otherwise the surface is positively charged during measurements, impacting the yield of 
photoelectrons and shifting the binding energy upwards in the spectrum. 
 

 
Figure 2-7. Schematic of the X-ray photoemission process and measurement of the 
kinetic energy of photoelectrons. 

 
Additional to elemental identification, the atomic fraction of each constituent element 

and the relative concentration of different chemical states of the same element can also be 
quantitatively determined by XPS through peak integration and proper deconvolution. 
Since each atomic level has its own possibility to interact with photons, relative sensitive 
factors, also known as photoemission cross-sections, must be taken into consideration for 
quantification. Background needs to be subtracted in the spectrum prior to quantitative 
analysis. Inelastic scattering of electrons by surrounding atoms is mainly responsible for 
the energy loss and contributes to the spectrum background. 

During XPS measurements, the incident beam intensity must be compromised such that 
spectra are acquired in a short time scale without causing any beam-induced effects. The 
enhanced beam intensity undoubtedly raises signal intensity and thus accelerates data 
acquisition. However, strong X-ray beam was observed to cause sample damage such as 
degradation of polymers,8 decomposition of metal complexes,9 and oxidation of metal.10 
Beam damage deserves special attention while using high-flux synchrotron X-ray source 
with small beam size. 
 
2.3.2 The AP-XPS Apparatus 
Figure 2-8 shows the schematic of the AP-XPS instrument, which was upgraded in 2010,11 
at Beamline 9.3.2 at Advanced Light Source (ALS) in LBNL. This apparatus consists of 
two UHV chambers for sample analysis and preparation, with the base pressures both in 
the 10-9 Torr range. The shielding in the analysis chamber was coated by gold as well, in 
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order to prevent reactions between the stainless steel alloy and reactive gases. Ion 
sputtering and LEED are installed in the preparation chamber for single crystal studies. 
The instrument is equipped with two transfer rods, one to transfer samples between two 
chambers and the other to transfer between the preparation chamber and the load lock. A 
hemispherical analyzer located at the end of the workstation measures the kinetic energy of 
photoelectrons. X-ray is delivered into the analysis chamber through a 100 nm thick Si3N4 
window. Samples are mounted onto a ceramic button heater on the sample holder using Ta 
clips, with type K thermocouple wires underneath to measure the temperature. Gases are 
backfilled into the chambers through separated leak valves. 
 

 

Figure 2-8. Schematic of the AP-XPS instrument at Beamline 9.3.2 in LBNL. 

 
 An integrated differential pumping system is located between the analysis chamber and 

the analyzer to reduce the pressure on the electron trajectory to the analyzer, thereby 
weakening the signal attenuation by gas scattering. In the front of the first differential 
pump is a nozzle with a small aperture placed close to the sample. The aperture size is 
optimized for trade-off between measurement efficiency and the upper pressure limit. 
Larger apertures increase the acceptance angle of electrons and hence the counts of 
electrons at the analyzer, whereas smaller apertures increase the pressure differentials and 
thus the maximum pressure in the analysis chamber. A sample-nozzle distance larger than 
twice the nozzle diameter suffices to ensure that the pressure drop due to the aperture does 
not impact any chemical processes at the sample surface, since the sample pressure is over 
95% of the chamber pressure.11,12 In order to further enhance the pumping efficiency, the 
cone of the second pumping stage is placed close to the first nozzle, which results in a 
steeper pressure gradient. 

Since photoelectrons expand radially once entering the low pressure side of the 
apertures, electron lenses are coupled with differential pumps to increase photoelectron 
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transmission and signal intensity. The improved transmission also allows a smaller X-ray 
spot size down to 0.5 mm. The smaller beam in turn permits a smaller nozzle aperture and 
a higher maximum pressure. XPS spectra can be recorded in this AP-XPS apparatus at 
pressures up to several Torr with low X-ray incident flux that effectively alleviates beam 
damage. 
 
2.4 UHV Systems 
Well-characterized sample surfaces are required for in situ STM and XPS studies before 
the introduction of reactive gases. Since Pt and Cu surfaces are susceptible towards 
adsorption of CO, O2, NO, and hydrocarbon contaminants present in the lab, UHV is 
necessary to prepare clean metal surfaces for high-pressure experiments. Based on the 
kinetic theory of gases, the flux F of molecules sticking onto the surface varies with 
pressure and temperature, which can be given by:13 

F ൌ 	
Np

√2πMRT
ൌ 3.51 ൈ 10ଶଶ

p

√MT
 

where p is pressure in Torr, T is temperature in K, and M is molar mass of molecules in 
g/mol. At a base pressure of 10-10 Torr in the instruments, even assuming every particle 
hitting the sample stays on the surface, adsorbates will not saturate on the sample surface 
within approximately 10,000 seconds, or 2 hour 45 minutes. This time is long enough to 
cool and transfer the sample after preparation, and to examine the sample cleanness prior to 
any gas introduction. 
 
2.5 Auger Electron Spectroscopy 
 

 
Figure 2-9. Illustration of the Auger process. After the incident electron beam causes the 
emission of a core-level electron (1), an electron in the outer levels fills the vacancy (2), 
leading to the generation of an Auger electron (3). 

 
In the HP-STM apparatus, the absence of any C or O contaminants on Pt and Cu crystal 
surfaces after cleaning is examined with AES. During the Auger process, as shown in 
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Figure 2-9, the material is excited by a high-energy electron beam, usually 1.5 to 3 keV, 
which is able to eject electrons from the core levels like X-rays. The vacancy left behind 
can be filled by an electron in an outer core or valence level. Energy released in this process 
leads to the emission of another electron in outer levels, called Auger electrons. Similar to 
XPS, AES is also a surface-sensitive technique since the IMFP of Auger electrons is as 
large as a few atomic layers. Elemental analysis is performed based on the kinetic energy of 
Auger electrons, which does not depend on the energy of the incident electron beam. In 
addition, because the signal of Auger electrons sometimes obscure with the background 
contributed by secondary and backscattered electrons, derivative of electron counts over 
energy is hence taken in order to differentiate Auger signal from background. 
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Chapter 3  

Formation of Nanometer-sized Platinum Oxide Clusters on a 

Stepped Pt(557) Single Crystal Surface Induced by Oxygen 

(This chapter covers similar materials as in Zhu, Z. et al., Nano Lett. 2012, 12, 1491-1497 – 
reproduced with permission, copyright 2012 American Chemical Society.) 
 
Abstract 
This chapter focuses on studies of oxygen-induced restructuring processes on a stepped 
Pt(557) single crystal surface, at O2 pressures up to 1 Torr at 298 K. HP-STM has revealed 
that nanometer-sized clusters are created on Pt(557) under 1 Torr of O2, and AP-XPS has 
identified these clusters as surface Pt oxide. The appearance of clusters is preceded by the 
formation of one-dimensional chain structures at step edges. By using a Pt(111) surface as 
a reference, step sites were found as the nucleation centers for the formation of surface 
oxide clusters. These surface oxide clusters disappear and the stepped structure is restored 
on Pt(557) after evacuating O2 to the 10-8 Torr range. While dosing 10-7 Torr of O2 onto the 
clean Pt(557) surface, only O2 chemisorption is observed. Imaging the Pt(557) surface with 
+2.0 V sample bias under 10-7 Torr of O2 can lead to formation of kink sites, because 
tunneling electrons provide energy for Pt atoms to diffuse along steps. Changes in the 
surface oxide concentration in response to variations in the O2 gas pressure are repeatable 
for several cycles. The results that small clusters are initiated at step sites only at high 
pressures demonstrate the importance of in situ characterization of stepped Pt catalysts 
under reaction conditions. 
  



22 

3.1 Introduction 
Heterogeneous catalysts usually contain a large amount of low-coordinated sites such as 
steps, kinks, and vacancies, which have long been considered as the active sites during 
catalytic reactions. These low-coordinated sites can influence activity and selectivity of 
reactions, because they strongly bind with reactants and readily break chemical bonds.1-7 In 
addition, a high concentration of unsaturated surface sites can promote substrate 
reconstruction in response to adsorbed molecules, giving rise to step coalescence,8-10 
microfaceting,11 and cluster formation.12 

Recently developed in situ techniques have revealed the relation between catalyst 
structures and turnover rates under reaction conditions.13-18 At high gas pressures and 
elevated temperatures, transition metal surfaces can undergo dramatic structural changes, 
as a result of the increased coverage of the gas molecules.12,18-21 HP-STM can provide 
information regarding local surface electronic structure and morphology at the nanometer 
scale.22,23 AP-XPS allows us to monitor the chemical states of both adsorbed reactants and 
underlying catalyst surfaces.24,25 

Using these techniques, our group have recently reported that stepped Pt(557) and 
Pt(332) crystal surfaces break into nanometer-sized Pt clusters under 1 Torr of CO.12 These 
Pt clusters on Pt(557) and Pt(332) were in triangle and parallelogram shapes, respectively. 
Such surface restructuring was reversible, since clusters disappeared and steps reformed 
after the CO gas was removed. The formation of Pt clusters occurred simultaneously with 
the growth of a high-binding energy component in the Pt 4f XPS spectra, which was 
attributed to low-coordinated Pt atoms at cluster edges bonded with CO. Step sites played a 
central role in inducing the formation of clusters on Pt surfaces, since no clusters were 
observed on Pt(111) crystal surface under similar CO pressures.26 

O2 can oxidize coordinatively unsaturated Pt surfaces at high gas pressures, which also 
causes profound changes in Pt surface structure. The variety of surface platinum and 
oxygen chemical states from chemisorption through to surface Pt oxide27-32 has called for a 
detailed in situ investigation of the Pt−O system. In this chapter, the interaction between 
oxygen and a stepped Pt(557) surface at pressures from 10−7 to 1 Torr and at 298 K was 
investigated by HP-STM and AP-XPS. It was found that in the presence of 1 Torr of O2, a 
one-dimensional (1D) chain structure forms first at the step edges, and clusters of 
approximately 1 nm in size subsequently cover the surface. These clusters are identified as 
a surface Pt oxide phase by means of AP-XPS. Comparative studies on Pt(111) 
demonstrate that clusters preferentially form at the step edges at 1 Torr, whereas direct 
oxidation of terraces is kinetically limited. After evacuating O2 to the 10−8 Torr range, most 
of the clusters disappear in STM images and the surface oxide component in XPS spectra is 
attenuated. The concentration of surface oxide along with the oxygen coverage could 
repeatably vary with the O2 pressure for several cycles. 
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3.2 Experimental Section 
All the STM experiments were carried out in a home-built HP-STM system described in 
the previous chapter.33 The HP-STM system consists of a 19 cm3 Au-coated STM batch 
cell that is able to work at pressures of up to 1000 Torr. The STM cell is integrated into a 
UHV chamber with a base pressure of 10−10 Torr. A load lock and another UHV chamber 
for sample preparation (base pressure also 10−10 Torr) are combined in the system. 

The Pt(557) and Pt(111) crystals were cleaned through repeated cycles of 1000-eV Ar+ 
sputtering at 3 × 10−5 Torr at 298 K for 20 min, oxygen annealing at 5 × 10−8 Torr at 923 K 
for 3 min and subsequent vacuum annealing at 1073 K for 5 min. The Pt crystals were 
cooled down to 298 K at a rate of 1 K/sec after the final annealing step. Before STM 
experiments, the sample cleanliness was confirmed by the absence of carbon and oxygen in 
AES (PHI 15-255G double pass cylindrical mirror analyzer). 

STM experiments at pressures lower than 10−7 Torr were performed by directly dosing 
the O2 gas into the STM chamber, which is separated from the rest of system by gate valves. 
At pressures above 10−7 Torr, a bayonet seal was used to isolate the STM cell from the 
system and simultaneously maintain the STM chamber under vacuum. STM images were 
recorded using commercial Pt0.8Ir0.2 tips with diameters of 0.25 mm (Bruker AFM probes). 
The imaging condition is +0.2 V sample bias and 0.1 nA tunneling current unless 
specifically noted in the figure caption. 

AP-XPS experiments were performed on a Scienta 4000 HiPP workstation at Beamline 
9.3.2 of ALS in LBNL.34,35 The base pressure of this instrument is maintained at 10-9 Torr. 
XPS survey scans were performed to ensure the absence of impurities on the Pt crystal 
surfaces prior to gas introduction. Pt 4f and O 1s core level spectra were recorded with 
incident X-ray photon energies of 340 eV and 800 eV, respectively, in order to generate 
photoelectrons with similar kinetic energies (~270 eV). Controlling the kinetic energy of 
the detect electrons ensures the same probing depth for both elements.36 The Pt 4f region 
was also studied with 475 eV incident photon energy to detect deeper surface layers. The 
energy positions of all XPS spectra were calibrated relative to the Fermi edge (set at 0 eV) 
recorded with the same incident photon energy.  
 
3.3 Results and Discussion 
3.3.1 Clean Pt(557) 
Figure 3-1a shows a model of a stepped Pt(557) single crystal surface. The Pt(557) surface 
has six-atom wide face-centered cubic (fcc) (111)-type terraces and monatomic high 
(100)-type steps, therefore being denoted as a 6(111) × (100) structure.37 The STM image 
of Pt(557) taken in UHV is displayed in Figure 3-1b. From the STM image, the average 
terrace width of clean Pt(557) is measured as 1.6 nm, which is close to the calculated value 
of 1.4 nm based on the crystal structure. This deviation in terrace widths between 
theoretical and measured values is due to thermal drift during STM scans. 
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Figure 3-1. (a) Ball model of a Pt(557) surface. Light yellow, orange, and gray balls 
represent the top, second, and third layer of Pt atoms, respectively. (b) STM image of 
Pt(557) taken under UHV (10-10 Torr). The measured average terrace width is 1.6 nm. 

 
3.3.2 High Pressures of O2 
The Pt(557) surface structure under 1 Torr of O2 evolves with exposure time. 30 min after 
introducing 1 Torr of O2, ordered stripes are resolved on portions of the step edges that 
remain straight, as in Figure 3-2a. The line profile in the inset illustrates that the stripes 
consist of a periodic array of brightness maxima with 250 pm periodicity on average, close 
to the Pt−Pt distance in the crystal lattice. This structure likely corresponds to a 1D Pt oxide 
chain, which was reported to form at edges of stepped Pt crystals under high oxygen 
coverage, based on XPS measurements and theoretical calculations.27,30 Figure 3-2a has 
thus provided direct proof for the existence of 1D oxides on a stepped Pt surface. A few 
bright elongated structures with an average length of 1.0 nm and an average height of 0.16 
nm also form near the Pt oxide chains. As the exposure time to 1 Torr of O2 is extended to 2 
h, numerous clusters of ~1 nm in diameter, which are roughly aligned along the original 
steps, cover the majority of the Pt(557) surface, as shown in Figure 3-2b. The order of 
clusters and the appearance of bright islands suggest that the clusters are formed by the 
growth from the 1D oxide chain into a complete overlayer. Further increasing the O2 
pressure to 10 Torr results in a disordered layer of clusters on Pt(557). The clusters formed 
under high pressures of O2 are ascribed to a two-dimensional (2D) surface Pt oxide phase. 

The assignment of clusters to surface Pt oxide is supported by AP-XPS experiments in 
which a Pt(557) crystal was exposed to different O2 pressures. Figure 3-3a displays the Pt 
4f core level spectra of Pt(557) recorded with 340 eV photon energy in UHV and under 2 h 
exposure to 1 Torr of O2. Both the location of the Pt 4f7/2 peak at 71.0 eV and the spin-orbit 
splitting of 3.3 eV agree with literature values.38,39 At 1 Torr of O2, an additional 
component appears at 71.6 eV with a core level shift (CLS) of +0.6 eV, as marked in Figure 
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3-3a and more clearly shown in the difference spectrum in Figure 3-3b. This Pt peak is 
attributed to surface oxide clusters based on the Pt 4f binding energy, because surface 
oxides with similar Pt 4f CLS can be formed by exposing stepped or kinked Pt single 
crystal surfaces to O2.

28-30 Given that the Pt 4f7/2 CLS is +1.0-1.3 and +2.2-2.9 eV for PtO 
and PtO2, respectively,39-42 no bulk Pt oxide has formed under our experimental conditions. 
In addition, the position of the dips in the difference Pt 4f spectra at 70.6 eV (-0.4 eV CLS) 
agrees with Pt atoms in the surface layer,29,30,39 which demonstrates that the oxide forms at 
the expense of surface Pt atoms. 
 

 
Figure 3-2. STM images of Pt(557) taken in 1 Torr of O2 (a) 30 min and (b) 2 h after 
continuous exposure of the clean Pt(557) to O2 gas. A periodic 1D chain structure is 
resolved at the step edges in (a) with the inset showing the line profile, while in (b) 
disordered clusters of approximately 1 nm in size cover the surface roughly following the 
original step direction. (c) and (d): Low and high magnification STM images of Pt(111) 
(the few steps indicate a miscut of approximately 1º), acquired after 1.5 h exposure to 1 
Torr of O2. Numerous nanometer-sized clusters accumulate close to the steps on the upper 
terraces in (c). The chemisorbed oxygen p(2 × 2) pattern, marked by green triangles, is 
resolved in (d) between clusters on Pt(111) terrace. 
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Figure 3-3. (a) Pt 4f spectra of Pt(557) recorded in UHV and under 2 h exposure to 1 Torr 
of O2. A shoulder representing surface Pt oxide arises at +0.6 eV CLS. (b) Difference Pt 4f 
spectra of Pt(557) acquired under exposure to 10-7 Torr of O2 for 2 h, 1 Torr of O2 for 2 h, 
and 1.5 h after evacuation to 2 × 10-8 Torr of O2 with respect to clean Pt(557) in UHV as the 
reference, in order to clearly show the XPS peak evolution. The enhancement at +0.2 eV 
CLS at 10-7 Torr shows that only oxygen chemisorption occurs. The surface oxide shoulder 
at 1 Torr is now evident in the difference spectrum at +0.6 eV CLS, whose intensity 
decreases after O2 evacuation. (c) Pt 4f spectra of Pt(111) acquired in UHV and under 
exposure to 1 Torr of O2 for 2 h. The Pt(111) has a less pronounced surface oxide shoulder 
than Pt(557), illustrating the relatively high activity of the stepped surface for the 
formation of the surface oxide phase. (d) Difference Pt 4f spectra of Pt(111) obtained under 
the same conditions as those in (b) using clean Pt(111) in UHV as the reference. The XPS 
spectra of Pt(111) evolve similarly to those of Pt(557), but to a less degree owing to the 
lower step density. All the spectra were recorded with 340 eV photon energy at 298 K and 
binding energies were calibrated to the Fermi level at 0 eV under the same conditions. 
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During the growth of surface Pt oxide clusters on Pt(557) to 1 Torr of O2, the Pt oxide 

component does not shift in position in Pt 4f spectra, as in Figure 3-4a. The same Pt 4f peak 
position indicates that the Pt oxide grows from 1D to 2D without significant changes in 
chemical structure. However, the intensity of the Pt oxide component becomes twice 
stronger when the exposure time to 1 Torr of O2 increases from 40 min to 2 h, which 
accords with the growth of the Pt oxide clusters in STM images. In addition, the oxygen 
coverage on Pt(557), measured by integration of Pt 4f and O 1s peak areas (both recorded 
with ~270 eV kinetic energy photoelectrons) and a subsequent calibration using the oxygen 
coverage of 0.25 ML on Pt(111) at 10-7 Torr,43-46 increases with exposure time as well. 
Figure 3-4b shows that the oxygen coverage reaches 0.79 ML within 40 min of introducing 
1 Torr of O2 and slowly increases to 0.93 ML in 2 h. 
 

 
Figure 3-4. (a) Difference Pt 4f spectra of Pt(557) taken (black) 40 min and (red) 2 h 
after introducing 1 Torr of O2, with respect to the clean Pt 4f spectrum in UHV. The 
surface oxide component remains at 71.6 eV but grows in intensity, indicating the similar 
chemical structure of 1D and 2D surface oxide. (b) Increase of the oxygen coverage on 
Pt(557) with exposure time to 1 Torr of O2, which is indicative of the slow growth of 
surface Pt oxide. 

 
Another major concern of AP-XPS experiments involves the beam-induced oxidation of 

metal surfaces.47 In order to rule out the effect of X-ray beam on oxidizing the Pt(557) 
surface, a new set of spectra were acquired at another position after staying at the initial 
position for 2 h. Figure 3-5 displays the two Pt 4f spectra after subtracting the reference Pt 
4f spectrum in UHV. The blue spectrum at the new position is similar to the red spectrum at 
the old position, in both the energy and especially intensity of the surface Pt oxide peak. 
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Had beam-induced oxidation occurred, the red spectrum recorded at the initial position 
should show a more prominent surface Pt oxide peak. X-ray beam effect is therefore 
negligible in these experiments. 
 

 
Figure 3-5. Difference Pt 4f spectra of Pt(557) under 1 Torr of O2 using clean Pt(557) in 
UHV as the reference. The red spectrum was acquired after keeping recording XPS 
spectra for 2 h at the same sample position upon introducing O2. Immediately after the 
red spectrum, the blue spectrum was obtained at a new position that had not been hit by 
X-ray. As the two spectra are similar, no X-ray beam damage occurs. 

 
In order to investigate the role of steps in creating clusters, changes of the Pt(111) 

surface structure in the presence of O2 were studied as well. Figure 3-2c, acquired 1.5 h 
after filling the HP-STM cell with 1 Torr of O2, shows that a number of clusters have 
accumulated near the steps edges. The presence of steps on the Pt(111) crystal is due to a 
miscut angle of approximately 1º, which results in terraces of 12 nm wide on average. 
Although a few clusters appear on inner terraces, over 90% of the nanometer-sized clusters 
are located less than 2 nm away from the step edges. This phenomenon is consistent with 
literature reports that indicate cluster nucleation begins at step sites,48 owing to the high 
mobility and activity of low-coordination Pt atoms. Growth of 2D surface Pt oxide is thus 
more likely to occur on Pt(557) because of the high step density as well as the narrow 
terrace width. Direct oxidation of Pt(111) terraces by O2, in contrast, occurs slowly at 
similar pressures at 298 K, and was reported to happen only above 520 K.49 By zooming in 
on the terraces, a hexagonal pattern marked by the green triangles in Figure 3-2d is 
resolved between clusters. The periodicity of the hexagonal pattern is 590 pm, which 
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corresponds to a chemisorbed oxygen p(2 × 2) structure. Since a p(2 × 1) order is the 
precursor state of Pt oxide on Pt(111) terraces when Pt(111) is oxidized by strong 
oxidants,50 the p(2 × 2) chemisorption pattern in turn substantiates the slow kinetics of 
oxidation on terraces. 

Pt 4f spectra of Pt(111) also demonstrate the low activity of terraces relative to steps in 
forming surface oxide. As shown in Figure 3-3c,d, exposure to 1 Torr of O2 for 2 h also 
results in a new component on Pt(111) at 71.6 eV (+0.6 eV CLS), the same binding energy 
as the surface oxide component on Pt(557). The surface oxide formed on Pt(111) is thus 
indistinguishable from the oxide clusters on Pt(557) based on the same Pt 4f CLS value. 
However, the increase of intensity at 71.6 eV for Pt(111) on exposure to 1 Torr of O2 is only 
one third of the increase observed on Pt(557), which accords well with the smaller number 
of clusters seen on Pt(111) by STM. This difference between Pt(111) and Pt(557) is 
undoubtedly the consequence of the lower step density on Pt(111). 
 
3.3.3 O2 Evacuation 
Figure 3-6a shows that 1.5 h after evacuating O2 from 1 Torr to 10-8 Torr, almost all the 2D 
surface Pt oxide clusters disappear with steps forming again on the Pt(557), although some 
of the steps are no longer as straight as they originally were on the clean Pt(557) surface in 
Figure 3-1b. The 1D oxide chains are not observed at the step edges in Figure 3-6a. 
Nevertheless, it can be due to the inevitable loss of resolution by the blunting of the STM 
tip after exposure to 1 Torr of O2 for several hours. Similarly, very few clusters are left on 
Pt(111) 1.5 h after O2 evacuation, as in Figure 3-6b. The removal of surface Pt oxide can be 
observed by XPS as well. As shown by difference Pt 4f spectra of the Pt(557) in Figure 
3-3b, evacuation of the XPS chamber from 1 Torr to 2 × 10-8 Torr of O2 causes a significant 
decrease in intensity of the oxide component at 71.6 eV. Figure 3-3d reveals that the peak at 
71.6 eV has also nearly disappeared on Pt(111), accompanied by the disappearance of 
clusters in the STM images. 

The disappearance of the 2D oxide clusters with O2 evacuation is worth discussing. 
Given that Pt oxide decomposition and oxygen desorption both occur slowly on Pt at 298 
K51 and that a thin Pt oxide film is thermodynamically more stable than bulk Pt oxide,52 it 
would be surprising that the 2D oxide has decomposed within 1.5 h of O2 gas removal. The 
reactions between surface Pt oxide and background gases (CO and H2) are likely 
responsible for removing the 2D oxide, because CO can quickly reduce surface Pt oxide 
even at 273 K.30,32 Reactions of the 2D oxide with H2 and CO on Pt(557) are further studied 
with HP-STM and AP-XPS, which reveals that the surface Pt oxide clusters are indeed 
removed by H2 at a low H2:O2 pressure ratio. These results will be discussed in detail the 
next chapter. 
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Figure 3-6. STM images of (a) Pt(557) and (b) Pt(111) 1.5 h after evacuating the HP-STM 
cell to 10-8 Torr. Most clusters have disappeared on both crystals, and steps on Pt(557) as 
well as terraces on Pt(111) reappear. 

 
3.3.4 Low Pressures of O2 
To further explore the reactivity of Pt step sites towards O2, the Pt(557) surface structure at 
low O2 pressures was investigated by means of direct dosing gases into the UHV chamber. 
When the clean Pt(557) crystal is exposed to 10-7 Torr of O2 at 298 K, the nanometer-sized 
clusters are not formed. Instead, periodic bright spots are resolved at parts of the step edges, 
as revealed in Figure 3-7a. The average spacing of 580 pm between the bright spots is close 
to twice the Pt−Pt distance in the lattice. Although atomic information on the narrow 
terraces near the step bottom cannot be obtained owing to the large tip radius, the results 
agree with literature STM reports that O2 only chemisorbs at Pt steps at low pressures.6,53 
O2 adsorbs dissociatively at Pt step edges, with the chemisorption sites depending on the 
step geometry. Moreover, the difference Pt 4f spectrum in Figure 3-3b shows that 10-7 Torr 
of O2 does not lead to the growth of the oxide component at 71.6 eV. Instead, the 
enhancement of the Pt 4f7/2 peak is located at 71.2 eV (+0.2 eV CLS). This shift is due to 
the Pt atoms bonded with chemisorbed oxygen on Pt(111) terraces.28,30 O2 therefore 
dominantly chemisorbs on Pt(557) at low pressures. No clusters are observed on Pt(557) 
until the O2 pressure is raised to 10-3 Torr. Figure 3-7b shows that several ~1 nm large 
clusters are formed exclusively at the Pt step edges under 10-3 Torr of O2, which verifies 
that step sites are the nucleation center of Pt oxide clusters. As for the Pt(111) surface, 
consensus has already been reached in the literature that O2 chemisorbs after dissociation 
below 10-6 Torr at 298 K.43-46,50 
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Figure 3-7. STM images of Pt(557) at O2 pressures of (a) 10-7 Torr and (b) 10-3 Torr. 
Chemisorbed patterns are resolved as bright dots at parts of the step edges at 10-7 Torr, with 
a line profile of the chemisorbed structure shown in the inset. At 10-3 Torr, a few bright 
clusters start to accumulate at step edges. 

 
 

 

Figure 3-8. STM images of Pt(557) under 10-7 Torr of O2 showing the formation of kink 
sites. (a) A number of kink sites are formed while imaging the surface with +2.0 V 
sample bias and 0.1 nA tunneling current, because the tunneling electrons can provide 
energy for Pt atoms to diffuse. (b) The surface is imaged at +0.2 V sample bias after 
putting a +5.0 V pulse at the position highlighted by the red circle. Kink sites are mostly 
formed where the +5.0 V pulse is added. 

 
It is noteworthy that in Figure 3-7a, chemisorption of oxygen does not change terrace 

widths and step heights at 298 K. In our previous report regarding CO adsorption on 
Pt(557), the terrace widths and step heights are doubled under 5 × 10-7 Torr at 298 K.12 
However, at elevated temperatures, O2 could yield such doubling transition on Pt(111) 
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vicinal surfaces.9,10 This discrepancy is potentially due to a kinetic energy barrier for Pt 
atom to diffuse along steps. The repulsion between chemisorbed CO molecules can lower 
the Pt diffusion barrier, whereas the binding of oxygen atoms to two or more step Pt atoms 
may impede Pt diffusion. Tunneling electrons, whose energies are determined by the 
sample bias, can be an energy source for physical and chemical processes to occur at low 
temperatures.54,55 Figure 3-8a shows that, when imaging the Pt(557) surface under 10-7 torr 
of O2 with +2.0 V sample bias instead of +0.2 V, a large amount of kink sites are created. In 
contrast, no kink sites formation are observed on clean Pt(557) in UHV with +2.0 V or 
even higher sample bias, which illustrates that the existence of chemisorbed oxygen atoms 
is essential in causing step coalescence. The STM tip was then moved to a new region 
where the steps were originally straight. A +5.0 V pulse was put onto the surface and the 
region was subsequently imaged with +0.2 V bias. As in Figure 3-8b, kink sites are only 
observed around the pulse position marked by the red circle, whereas steps still remain 
straight in other parts of the region which are not close to the pulse. 
 
3.3.5 Quantitative XPS Analysis 
Quantitative curve fits of Pt 4f core level spectra of the Pt(557) were performed, so as to 
gain further insight into the Pt oxide formation at high pressures of O2. Pt 4f spectra were 
recorded with photon energies of 340 and 475 eV, which produce photoelectrons of ~270 
and ~405 eV kinetic energy, respectively. ~270 eV kinetic energy corresponds to an IMFP 
of ~0.6 nm and ~405 eV kinetic energy corresponds to ~0.8 nm.36 The thickness of Pt oxide 
can then be roughly estimated by measuring the oxide intensity at each surface depth. 
Selected Pt 4f spectra, which were acquired at 1 Torr and after O2 evacuation to 2 × 10-8 
Torr, are displayed along with fitted peaks in Figure 3-9. These Pt 4f spectra were 
deconvoluted using asymmetric Voigt-type line-shapes, preceded by a subtraction of the 
Shirley-type background.56 Four components, including bulk Pt (gray), surface Pt (-0.4 eV 
CLS, yellow), Pt bonded with chemisorbed oxygen (+0.2 eV CLS, blue), and surface 
oxides of Pt (+0.6 eV CLS, red) were used for peak fitting, and no other components were 
found to be necessary for a good fit. The CLS values of these components are determined 
from the difference Pt spectra in Figure 3-3b. Under both O2 pressures, the intensity ratio of 
Pt oxide to bulk Pt is lower at 475 eV photon energy than at 340 eV. The Pt peak from the 
chemisorption phase which forms exclusively at the surface decreases in intensity with 
increasing probing depth as expected. The less intense oxide peak with deeper probing 
depth thereby implies that the Pt oxide is only enriched at surface. Although bulk PtO2 and 
Pt3O4 are both thermodynamically stable at 298 K even at low O2 pressures,57,58 growth of 
surface oxide to form bulk oxide can be kinetically limited by the high energy barrier for 
oxygen diffusion into the Pt subsurface at 298 K.59 
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Figure 3-9. Pt 4f spectra of Pt(557) obtained at 298 K under 2 h exposure to 1 Torr of O2 
and 1.5 h after evacuation to 2 × 10-8 Torr with X-ray energies of 340 eV (probing depth 
~0.6 nm) and 475 eV (probing depth ~0.8 nm). Gray, yellow, blue, and red components 
represent bulk Pt, surface Pt, Pt bonded with chemisorbed oxygen, and Pt in surface oxide, 
respectively. The black dots denote the raw data points and the gray lines are the fitted 
spectra (the summation of the gray, yellow, blue, and red components). The fitting results 
show that surface oxide decomposes upon O2 evacuation (left to right), and that the oxide is 
only a surface phase (top to bottom). 

 
The area ratio of Pt in oxide phase to total detected Pt on the Pt(557) sample was then 

determined by integrating the peak areas of Pt oxide and total Pt in the fitted Pt 4f spectra at 
both photon energies. The surface oxide concentration varies reversibly with switching 
between high and low pressures of O2, as plotted by the red circles (~0.6 nm depth) and 
triangles (~0.8 nm depth) in Figure 3-10. At 10-3 Torr of O2 when oxide clusters start to 
appear at Pt step sites in the STM images, the concentrations of Pt oxide at ~0.6 nm and 
~0.8 nm depths are ~6% and ~4%, respectively. The respective Pt oxide ratios at ~0.6 nm 
and ~0.8 nm increase to ~15% and ~11% after introducing O2 to 1 Torr, and then decrease 
to ~7% and ~4% upon evacuating to 2 × 10-8 Torr. Since the concentrations of Pt oxide 
determined by incident energy of 340 eV are always higher than those by 475 eV, the oxide 
clusters are obviously more populated at the surface. Re-introduction and re-evacuation of 
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O2 to similar pressures change the Pt oxide concentration at ~0.6 nm depth to ~15% and 
~8%, respectively. Similarly, at ~0.8 nm probing depth, the Pt oxide concentration 
increases to ~11% with re-introduction, followed by declining to ~5% after re-evacuation. 
Such variation trend in oxide concentration at the Pt(557) surface with changing O2 
pressures can be repeated for several cycles. 

Moreover, the oxygen coverage on Pt(557) exhibits a similar variation in response to 
changes in O2 gas pressures. At 10-7 Torr, the oxygen coverage on Pt(557) is 0.28 ML, and 
then slowly increases with O2 pressure until 0.42 ML at 10-3 Torr. The oxygen coverage 
suddenly increases to 0.93 ML at 1 Torr. A similar experiment on Pt(111) gives the 
coverage of 0.48 ML at 1 Torr of O2. The large difference in oxygen coverage between 
Pt(557) and Pt(111) is indicative of the higher activity of step sites than terrace sites in 
forming Pt oxide. After O2 gas evacuation, the oxygen coverage on Pt(557) remains stable 
at 0.70 ML. However, this value is still larger than 0.28 ML after initial exposure to 10-7 
Torr, because the Pt(557) surface inevitably turns rougher after the introduction-evacuation 
cycle of O2. The oxygen coverage on Pt(557) increases to 1.05 ML upon re-introduction of 
O2 to 1 Torr and decreases to 0.82 ML after re-evacuation. Changes in the oxygen coverage 
can also be repeated over several cycles. 
 

 
Figure 3-10. Changes in the surface Pt oxide concentration on Pt(557) in response to O2 
pressure variation, as measured with 340 eV (red circles) and 475 eV (red triangles) 
incident X-ray photon energies. The curves show that changes in the surface oxide 
concentration correlate with changes in the O2 gas pressure. Black lines: Oxygen coverage 
on Pt(557) determined from Pt 4f and O 1s photoelectrons (both ~270 eV kinetic energy), 
after calibration with respect to the 0.25 ML p(2 × 2) structure formed on Pt(111) at 10-7 
Torr of O2. Oxygen coverage on Pt(557) varies with gas pressures in a similar trend to that 
of oxide concentration, but gradually increases as a result of surface roughening. 
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3.4 Conclusions 
In conclusion, in situ STM and XPS studies were performed to monitor the structural and 
chemical evolution of a stepped Pt(557) surface induced by O2 at 298 K. STM images 
illustrate that at 1 Torr, periodic 1D chains form initially at step edges, followed by the 
formation of nanometer-sized clusters that cover the entire Pt(557) surface, as O2 exposure 
time increases. The clusters are identified as surface Pt oxide by the appearance of a 
high-binding energy component at +0.6 eV with respect to the metallic Pt peak in XPS 
spectra obtained under the same condition. The intensity of the surface Pt oxide component 
increases with exposure time, which agrees with the growth of 2D clusters in STM results. 
No X-ray beam induced surface oxidation is observed. In a comparative experiment on 
Pt(111), both HP-STM and AP-XPS demonstrate that low-coordinated step atoms are more 
active than terrace sites in reacting with O2. Most clusters disappear on both Pt(557) and 
Pt(111) upon evacuation of O2 to 10-8 Torr. Such dramatic structural changes on the stepped 
Pt(557) surface are seen only when the O2 gas pressure reaches 1 Torr, whereas 
chemisorption occurs at low pressures such as 10-7 Torr. Step coalescence induced by O2 
can be observed under 10-7 Torr while imaging with +2.0 V or higher sample bias. The 
results indicate that it is important to study the structure of stepped Pt single crystal model 
catalysts under ambient pressures, not only since they can undergo dramatic structure 
changes in equilibrium with high-pressures of gas phase reactants, but also because the 
high structural flexibility of stepped Pt surfaces allows us to bridge the connection between 
surface structures and catalytic performances. 
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Chapter 4  

Structure and Chemical State of the Pt(557) Surface during 

Hydrogen Oxidation and Carbon Monoxide Oxidation 

(This chapter covers similar materials as in Zhu, Z. et al., J. Am. Chem. Soc. 2013, 135, 
12560-12563 – reproduced with permission, copyright 2013 American Chemical Society.) 
 
Abstract 
The structure of the Pt(557) surface under the H2-O2 mixture and the CO-O2 mixture was 
investigated in this chapter. At 298 K, the surface Pt oxide clusters formed on Pt(557) by 
exposing to approximately 1 Torr of O2 can readily react with H2, and fully disappear when 
the H2 partial pressure reaches 43 mTorr. Pt steps are restored after the surface Pt oxide 
clusters are removed by H2. Under pure H2 in the Torr range, the stepped structure is 
preserved. Water is detected as the product in the gas phase, which co-adsorbs with 
hydroxyl groups on Pt(557). A reference study using H2O validates the presence of water 
adsorbates on the Pt(557) surface even at 10-7 Torr of H2O. In the mixture of 1 Torr of CO 
and 1 Torr of O2, CO-induced triangular clusters and double-sized steps are observed, 
whereas Pt oxide clusters are absent. The Pt(557) surface structure changes reversibly 
when switching the gas environment between O2 and CO. 
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4.1 Introduction 
A crucial question in heterogeneous catalysis involves the dependence of catalytic 
reactivity on the structure of the catalyst−reactant interface, and the identification of 
reaction intermediates and surface sites responsible for turnovers. The development of in 
situ techniques has provided great opportunities to explore these questions, by bridging the 
over 9 orders of magnitude pressure gap between traditional model catalytic studies (below 
10-6 Torr) and industrial catalysis (at or above atmospheric pressures). HP-STM is a unique 
tool to investigate the catalyst surface reconstruction during reactions at the molecular 
level1-8 and the highly mobile nature of atoms and molecules on catalytically active 
surfaces.9-11 Spectroscopic techniques, especially AP-XPS, yield information on 
composition and oxidation states of surface species during reactions.7-9,12-17 

Pt oxide was proposed to be an active phase on Pt surfaces during CO oxidation.4,7,18 For 
example, CO oxidation is accelerated by almost 10 times on Pt(110) under O2-rich 
conditions at 425 K, along with the formation of Pt oxide islands observed by in situ STM.4 
Switching the gas mixture into a CO-rich environment leads to the reduction of Pt oxide 
and simultaneously a strong decrease in CO production rate. Consequently, the oxidized Pt 
surface can be strictly correlated with the high catalytic activity. XPS results have revealed 
that the active Pt oxide on Pt(110) is similar to the oxide on as-prepared 1.5 nm Pt 
nanoparticles.7 On other Pt surfaces, for instance the stepped Pt(332) surface, 1D PtO2 
chains at Pt steps are also highly active towards CO even at 220 K.18 

Hydrogen oxidation was investigated in detail at low pressures and low temperatures. 
When H2 is oxidized by O2 at Pt surfaces in vacuum above 170 K, the water desorption 
temperature, the formation of hydroxyl groups (OH) via hydrogenation of chemisorbed 
oxygen atoms is the rate-limiting step:19-21 

O(a) + H(a) → OH(a) (1)
OH(a) + H(a) → H2O(a) → H2O(g) (2)

This reaction is autocatalytic below 170 K in vacuum, since in the presence of adsorbed 
water molecules, OH species can be produced through alternative reaction channels:19-21 

H2O(a) + O(a) → 2OH(a) (3)
2H2O(a) + O(a) → 2OH(a) + H2O(a) → 3OH(a) + H(a) (4)

Despite these well-known mechanisms at low temperatures in vacuum, the mechanism 
under ambient pressures and temperatures is not well understood at the molecular level. 
The formation of Pt oxide, which can be stabilized at sufficiently high O2 pressures, adds 
another parameter that needs to be considered. 

This chapter follows the previous chapter by investigating the structure and chemical 
state of the Pt(557) surface under hydrogen oxidation and CO oxidation mixtures at 298 K. 
The surface Pt oxide formed on Pt(557) under near 1 Torr of O2 is active in oxidation 
reactions. HP-STM has monitored the decrease in the Pt oxide coverage with the increase 
of H2 partial pressures. Pt oxide can be fully removed on Pt(557) at H2 partial pressures 
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below 50 mTorr. The reaction product, water, is detected to co-adsorb with hydroxyl 
groups on Pt(557). H2 does not induce any structural changes on Pt(557) even at 1 Torr. 
Under the 1:1 CO-O2 mixture at 2 Torr, the Pt(557) surface structure is dominated by CO, 
since CO-induced triangular clusters and doubling of terrace widths as well as step heights 
are observed. Pt oxide clusters, however, are absent at surface. 
 
4.2 Experimental Section 
STM measurements were performed in a home-built instrument containing a Au-coated 
high-pressure batch cell wherein reactant gases are introduced.22 AP-XPS spectra were 
recorded at Beamline 9.3.2 at ALS in LBNL.23 The Pt(557) crystal was cleaned via cycles 
of Ar+ bombardment, annealing in O2, and flashing to 1073 K in vacuum, as described in 
the previous chapter. The cleaning procedures were repeated till the level of contaminants 
was below the sensitivity of AES for HP-STM experiments and below the sensitivity of 
XPS for AP-XPS measurements. O2 and H2 were introduced separately through leak valves. 
All the HP-STM and AP-XPS experiments were carried out at 298 K. 
 
4.3 Results and Discussion 
4.3.1 Hydrogen Oxidation in the H2-O2 Mixture 
Under 950 mTorr of pure O2, the Pt(557) surface is covered by ~1 nm large surface Pt oxide 
clusters that are roughly aligned along the original step edges, as shown in Figure 4-1a. H2 
was added after the cluster overlayer had formed under O2. The structural evolution of the 
Pt(557) surface with increasing H2 partial pressures is monitored with STM, as displayed 
in Figure 4-1. The Pt oxide clusters are still distinguishable in the STM image after 
introducing 2 mTorr of H2 (Figure 4-1b). At a higher H2 partial pressure of 10 mTorr, the 
coverage of Pt oxide clusters becomes much smaller, with most of the remaining clusters 
decorating the Pt step edges (Figure 4-1c). When the H2 partial pressure reaches 43 mTorr, 
the Pt oxide clusters have completely disappeared and Pt steps are restored (Figure 4-1d). 
Since these clusters can be readily removed at a low H2:O2 pressure ratio of 1:20, the high 
reactivity of Pt oxide towards H2 agrees with literature reports that Pt oxide is active in 
hydrogen oxidation.24-26 An induction period ranging from 10 to 80 min was reported for 
the reaction involving Pt oxide as the catalyst, with the length relying on the preparation of 
Pt oxide.24 The imaging was started 15 min after introducing gases, and no changes in the 
surface structure were observed with reaction time. The induction period in our 
experiments, if it exists, should hence be shorter than 15 min. 

In addition, under 950 mTorr of O2 and 10 mTorr of H2, a periodic pattern can be 
resolved at step edges on a small part of the surface where most clusters have been 
removed. Figure 4-2 shows the STM image of this periodic structure and the corresponding 
topography profile. The periodicity is measured as 580 pm, twice as the Pt−Pt distance. 
Although oxygen atoms chemisorb on the Pt step edges with the same periodicity,6 this 
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pattern under the H2-O2 mixture is unlikely due to the oxygen chemisorption, because only 
chemisorbed water and OH groups are present under such condition, as described later in 
Figure 4-4. One possible explanation to this pattern is the 1D hydrogen bond chain of water 
molecules at the (100)-oriented Pt steps.27 The hydrogen bond chain structure at step edges 
may also involve OH groups. Higher resolution and possibly theoretical calculations are 
demanded to establish an appropriate model this pattern. 
 

 
Figure 4-1. STM images of the Pt(557) surface. (a) Under 950 mTorr of O2, the surface is 
covered by Pt oxide clusters approximately 1 nm in diameter. The clusters are roughly 
aligned along the step edges. (b-d) Under a mixture of 950 mTorr of O2 and (b) 2 mTorr, (c) 
10 mTorr, and (d) 43 mTorr of H2, the coverage of Pt oxide decreases with increasing H2 
partial pressures until the Pt oxide clusters ultimately disappear. 

 
 

 

Figure 4-2. (a) STM image of Pt(557) under 950 mTorr of O2 and 10 mTorr of H2 and (b) 
topography profile of the blue line in (a) Periodic structures appear at a small part of the 
surface, and the topography profile of the blue line shows a periodicity of ~580 pm. 

 
The Pt(557) surface structure under pure H2 was investigated as a reference for 

understanding the structural changes in Figure 4-1. STM images reveal that the stepped 
structure is preserved when Pt(557) was exposed to 100 mTorr of H2 at 298 K (Figure 4-3a). 
The average terrace width is 1.4 nm, the same value as the terrace width of clean Pt(557) in 
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UHV. Interestingly, step edges are frizzy under 100 mTorr of H2, which indicates an 
enhanced mobility of the Pt step atoms, probably by virtue of the attachment of hydrogen 
atoms. No changes in the stepped structure are observed when the H2 pressure was 
increased to 1 Torr (Figure 4-3b). Only an increase in the noise level is observed, probably 
as a consequence of enhanced surface mobility. Therefore, unlike CO and O2, H2 does not 
induce cluster formation or step coalescence on Pt(557). 
 

 

Figure 4-3. STM image of Pt(557) under (a) 100 mTorr and (b) 1 Torr of H2. The stepped 
structure still retains with an average terrace width of 1.4 nm. Pt steps are much frizzier in 
(b) comparing to steps in (a), as a result of increased step and kink atom mobility. 

 
In situ XPS experiments were performed under similar gas environments as in the 

HP-STM measurements, in order to examine the chemical state on Pt(557) during the 
structural evolution. Pt 4f and O 1s core level spectra were recorded at X-ray photon 
energies of 340 and 810 eV, which generate photoelectrons with kinetic energies of 
270~280 eV and thus ensure a similar probing depth of ~0.6 nm for both elements.28 
Binding energies were calibrated with respect to the Fermi edge fixed at 0 eV in the valence 
band region acquired under the same conditions. The O 1s spectra are displayed in Figure 
4-4 with the intensities normalized to the Pt 4f peak intensities under identical conditions. 
The gas-phase O2 doublet peak (not shown) is located at 538.4 and 539.5 eV. A wide peak 
appears at ~530.5 eV after filling the chamber with 940 mTorr of O2. This peak, with full 
width at half-maximum (fwhm) of 2.5 eV, is mainly due to the Pt oxide clusters covering 
the Pt(557) surface. Two other surface components may also contribute to the peak: 
chemisorbed oxygen that gives rise to a peak at 529.9 eV,6 and OH groups formed by 
reactions with H2 in the vacuum background gas, which produces peaks around 531 
eV.27,29,30 After the introduction of H2, a new peak at 534.9 eV due to gas-phase water31-33 
appears and grows with H2 partial pressures, indicating that water is the product. 
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Figure 4-4. O 1s spectra of Pt(557) acquired with an incident X-ray photon energy of 810 
eV (a) in UHV, (b) under 940 mTorr of O2, and after addition of H2 at partial pressures of (c) 
11, (d) 20, and (e) 50 mTorr. The gas-phase O2 1s peak characterized by a doublet at 538.4 
and 539.5 eV is outside the range of the figure. The deconvoluted spectra illustrate how the 
introduction of H2 results in the progressive decrease and the final disappearance of surface 
Pt oxide (red). Water is formed in the gas phase upon the introduction of H2. 

 
Meanwhile, the intensity of the initial surface Pt oxide peak greatly decreases with the 

addition of H2, concomitant with the decrease in oxide cluster coverage in STM images. 
Significant changes in the O 1s peak shape are also observed, indicative of the formation of 
various oxygen-related species. In order to analyze the surface chemical states, the O 1s 
spectra in Figure 4-4c-e recorded under the H2-O2 mixture were deconvoluted using the 
gas-phase water peak and three surface components. The surface components include the 
Pt oxide peak at ~530.5 eV as in Figure 4-4b, chemisorbed H2O peak at ~531.9 eV, and 
chemisorbed OH peak at ~530.1 eV. The assignment of chemisorbed H2O and OH peaks 
agrees with literature values27,30 and a recent study by Nilsson et al., 34 where O 1s binding 
energies of chemisorbed H2O and OH are 531.7 and 530.3 eV when they bond to each other. 
When the H2 partial pressure reaches 50 mTorr (Figure 4-4e), the H2O and OH peaks are 
sufficient for a good fit. The absence of the surface Pt oxide component agrees with STM 
results that Pt oxide clusters are removed at H2 partial pressures above 43 mTorr. In 
addition, under our conditions of water and H2 gas phase in the mTorr range, little 
chemisorbed oxygen can be present at the Pt(557) surface, since adsorbed H2O molecules 
readily react with chemisorbed oxygen atoms to form OH species through reactions (3) and 
(4), which are fast enough to proceed at ambient temperatures.20 
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Under a H2 partial pressure of 11 to 20 mTorr (Figure 4-4c,d), the surface Pt oxide 
component at 530.5 eV needs to be included in the deconvolution of O 1s spectra for a 
good fit. Because O 1s peaks of Pt oxide and OH groups are separated by only 0.4 eV, their 
relative intensity ratio can largely vary with slight changes in fitting parameters. To remedy 
this problem, the ratio of chemisorbed H2O to OH peak areas was constrained to a fixed 
value—the ratio in the spectrum under 940 mTorr of O2 and 50 mTorr H2, when Pt oxide is 
absent. The deconvolution results show that the surface Pt oxide peak, marked by red 
curves, declines and ultimately disappears with the addition of H2, along with the growth of 
the gas-phase water peak. In contrast, the peaks of chemisorbed H2O and OH retain their 
intensities. Hydrogen atoms, which cannot be detected by STM or XPS in our experiments, 
are also likely to chemisorb on the Pt(557) surface during the reaction. Diffusion of 
hydrogen into subsurface sites, which typically happens on Pd surfaces,35 cannot happen 
since the energy barrier for hydrogen atoms to diffuse into the subsurface is 0.66 and 0.99 
eV on Pt(111) and Pt(100), respectively.36,37 Such high activation energies should strongly 
inhibit hydrogen diffusion into the subsurface at 298 K. 
 

 

Figure 4-5. Changes in total oxygen coverage on Pt(557) (black squares) and normalized 
water gas peak area (red circles) with H2 partial pressures when keeping the O2 partial 
pressure at 940 mTorr. Reactions between Pt oxide and H2 are responsible for the initial 
rapid decrease in the oxygen coverage and the initial increase in the normalized gas-phase 
water peak area. The total coverage of chemisorbed H2O and OH remains constant at ~0.21 
ML above 11 mTorr of H2. 

 
The total amount of surface oxygen, i.e. the oxygen coverage, can be estimated from the 

ratio of integrated areas of all surface O 1s peaks to Pt 4f peaks. Peak areas from 0.25 ML 
oxygen on Pt(111) at 10-7 Torr are used to calibrate the coverage.38,39 Figure 4-5 shows that, 
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as the H2 partial pressure increases, the oxygen coverage decreases rapidly and the amount 
of water in the gas phase increases rapidly while oxide is present at the surface. Starting at 
0.92 ML on the oxide-covered surface under 940 mTorr of O2, the oxygen coverage sharply 
drops to 0.34 ML after 11 mTorr of H2 is introduced, accompanied by a sharp increase in 
the area of the gas-phase water peak. The oxygen coverage drops to 0.31 ML after raising 
the H2 partial pressure to 20 mTorr, and further to 0.21 ML after adding 50 mTorr of H2 
which completely removes all the surface Pt oxide. Along with a moderate decline in 
oxygen coverage, the growth of the water gas peak also becomes slower. In addition, the 
total coverage of chemisorbed H2O and OH stays at ~0.21 ML under all three H2 partial 
pressures, indicating that the removal of Pt oxide is exclusively responsible for the drop in 
oxygen coverage by reaction with H2. 
 

 
Figure 4-6. C 1s spectra of Pt(557) (a) in UHV, (b) under 940 mTorr of O2, and (c) after 
adding 50 mTorr of H2 into 940 mTorr of O2. The surface is initially free of carbon 
contaminants in UHV. A small peak appears at 284 eV after introducing O2, which 
represents hydrocarbon species. The C 1s peak significantly decreases in intensity with 
the introduction of H2. 

 
Carbon contamination is always a concern in surface science studies, as the presence of 

carbon-related species may block the adsorption of reactants by occupying certain surface 
sites. Carbon contamination typically arises from CO and hydrocarbon molecules in the 
vacuum background gases and on chamber walls. Figure 4-6 shows the C 1s spectra 
recorded during the hydrogen oxidation experiments. The Pt(557) surface is free of any 
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carbon contaminants in UHV, but a small peak at 284 eV grows with the introduction of 
940 mTorr of O2. By using 0.50 ML CO on Pt(557) at 5 × 10-9 Torr as the calibration,3 the 
carbon coverage is less than 0.03 ML in Figure 4-6b. This C 1s peak nearly disappears after 
adding 50 mTorr of H2. Local heat from the occurrence of hydrogen oxidation reaction 
may activate the oxidation of carbon contaminants by O2. The carbon coverage is below 
0.01 ML under the H2-O2 mixture. Surface contamination by carbon therefore can be 
negligible because of the low coverage while studying the Pt(557) surface structure in 
hydrogen oxidation. 
 
4.3.2 H2O Adsorption on Pt(557) 
A control experiment regarding H2O adsorption on Pt(557) was performed at the AP-XPS 
workstation, in order to verify that H2O can chemisorb on Pt(557) at 298 K. The recorded 
O 1s spectra are displayed in Figure 4-7. Figure 4-7a shows that H2O is indeed able to 
adsorb on Pt(557) even at low pressures such as 10-7 Torr, giving rise to two peaks at 532.8 
and 531.0 eV, corresponding to chemisorbed H2O and OH gropus.27,30 The positions of 
these two peaks deviate from the same components in Figure 4-4, because the chemical 
environment is different owing to the absence of hydrogen. The coverage of H2O and OH 
is 0.18 ML, close to the constant coverage of ~0.21 ML during the catalytic reaction. 
 

 
Figure 4-7. O 1s spectra of Pt(557) under (a) 10-7 Torr and (b) 50 mTorr of water, and (c) 
after adding 500 mTorr of O2 into 50 mTorr of water. Water chemisorbs on Pt(557) at room 
temperature. With a subsequent dosage of 500 mTorr of O2, Pt oxide can still form on the 
Pt(557) surface that is pre-covered by water. 

 
When the H2O pressure is raised to 50 mTorr, the gas-phase water peak appears at 534.9 

eV, as in Figure 4-7b. The chemisorbed H2O and OH peaks do not shift in binding energy, 
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and the relative area ratio of H2O to OH peak remains the same. In addition, the total 
coverage of H2O and OH increases to 0.42 ML. 500 mTorr of O2 was subsequently 
introduced to study whether the adsorption of H2O blocks the formation of Pt oxide. Figure 
4-7c shows that a strong peak, which is highlighted in red, exists at 530.6 eV if fixing the 
position and relative intensity of H2O and OH peaks. This peak is located at the same 
position as the surface Pt oxide component formed under pure O2, implying that the Pt 
oxide can still form on the Pt(557) surface pre-covered by water. 
 
4.3.3 CO Oxidation in the CO-O2 Mixture 
Figure 4-8 shows the structure of the Pt(557) surface under the mixture of 1 Torr of O2 and 
1 Torr of CO. CO was introduced into the high-pressure STM cell after resolving the Pt 
oxide clusters under O2. After the addition of CO, Pt oxide clusters have disappeared all 
across the Pt(557) surface. The Pt(557) surface structure is dominated by CO under the 
CO-O2 mixture, since the triangular Pt clusters of ~2 nm in size can be observed on most of 
the surfaces, as in Figure 4-8a. On the other parts where Pt clusters are not observed, wavy 
steps are resolved, as in Figure 4-8b. The average terrace width in Figure 4-8b is 2.4 nm, 
indicating that the terrace widths and step heights are both doubled, which is undoubtedly 
induced by CO, since it was illustrated in the previous chapter that O2 does not cause step 
coalescence on Pt(557) at 298 K. 
 

 

Figure 4-8. STM images of Pt(557) under the mixture of 1 Torr of O2 and 1 Torr of CO. 
CO was introduced after the Pt oxide clusters were formed under O2. Both (a) triangular 
Pt clusters and (b) doubling of terraces and steps are observed on different areas of the 
crystal surface. No Pt oxide clusters were present after the addition of CO. 

 
The blurred clusters in Figure 4-8a and the noise in Figure 4-8b suggest the low image 

quality under the mixture of CO and O2. The low quality is due to the poor performance 
of STM tips, since the tip selection is the biggest challenge when studying the surface 
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structure under the CO-O2 mixture. Traditional electrochemically etched tungsten tips 
immediately lose the conductivity while exposing to O2, because tungsten is promptly 
oxidized to form a thick insulating tungsten oxide layer. On the other hand, the Pt0.8Ir0.2 
tips, although stable under O2, restructures readily under CO, since the tip surface is 
much rougher than the Pt crystal sample. The fast restructuring process on the tip hence 
inhibits acquisition of high quality STM data, as the tip structure must have changed 
many times during 5 min that is required to record an STM image. Even the Au-coated 
Pt0.8Ir0.2 tips, which perform quite well under CO and its mixture with C2H4 (Chapter 5), 
are not stable enough under the CO oxidation mixture. Structural evolution on Pt(557) 
while varying the CO:O2 pressure ratio was consequently not investigated. 
 

 
Figure 4-9. STM images of the Pt(557) surface while switching the gas between O2 and 
CO. (a) The steps are initially clean in UHV. (b) Under 1 Torr of O2, Pt oxide clusters 
appear roughly along the step edges. (c) Most of the Pt oxide clusters disappear upon 
evacuating O2. (d) After introducing 1 Torr of CO, Pt clusters of ~2 nm in diameter are 
observed. (e) The CO-induced Pt clusters disappear and the stepped structure is restored 
with the evacuation of CO, and (f) Pt oxide clusters are formed again with the 
introduction of 1 Torr of O2. The Pt(557) surface structure could vary reversibly between 
O2 and CO. 

 
The Pt(557) surface structure was studied while switching the gas between O2 and CO 

instead. Figure 4-9 shows a series of STM images acquired in an O2-CO-O2 cycle. 
Starting in UHV with straight steps and clean terraces (Figure 4-9a), the Pt(557) surface 
is covered by nanometer-sized Pt oxide clusters roughly aligned along the original step 



50 

directions (Figure 4-9b). These clusters almost disappear with the evacuation of O2 to 
10-8 Torr, as in Figure 4-9c, which was discussed in the previous chapter. After adding 1 
Torr of CO into the high-pressure STM cell, Pt steps have broken into clusters that look 
similar to the clusters observed when introducing CO onto the clean Pt(557) surface, as in 
Figure 4-9d. Since the chemisorbed oxygen atoms and some residual Pt oxide are present 
after evacuating O2,

6 CO can undoubtedly react with all the surface oxygen species on 
Pt(557) at 298 K, in agreement with results on other Pt surfaces.7,18 
 

 

Figure 4-10. Pt 4f spectra of the Pt(557) surface acquired with incident energy of 340 eV 
(a) in UHV, (b) under 1 Torr of O2, (c) after evacuating O2 and introducing 1 Torr of CO, 
and (d) after evacuating CO and introducing 1 Torr of O2. The Pt 4f spectra change 
reversibly with the gas environments as well, in agreement with STM results. 

 
Figure 4-9e shows that, with the evacuation of CO to 10-8 Torr, the Pt clusters vanish 

on Pt(557) and the Pt steps are restored. The disappearance of CO-induced clusters 
accords with the results previously published in our group,3 as the CO coverage has 
decreased by one-third after evacuation. Accordingly, the repulsion between chemisorbed 
CO molecules is not high enough to maintain the kink sites and Pt clusters. Pt atoms 
diffuse back to fill in the step vacancies, leading to the relative straight steps that have 
lower energy according to theoretical calculations.3 When 1 Torr of O2 was subsequently 
introduced again, small Pt oxide clusters are formed, as shown in Figure 4-9f, indicating 
that all the adsorbed CO molecules are removed by O2, probably through forming CO2. 
The Pt oxide clusters show higher density in Figure 4-9f than in Figure 4-9b. In addition, 
the clusters now appear blurred, since the STM tip inevitably gets blunt after staying 
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under O2 and CO for a few hours. 
AP-XPS results have also demonstrated that the structure of the Pt(557) surface can 

vary reversibly while switching the gas conditions between O2 and CO. Figure 4-10 
shows the Pt 4f spectra acquired in an O2-CO-O2 cycle. The spectra after evacuating 
gases are not displayed for clarity. With the introduction of 1 Torr of O2, the Pt 4f peaks 
become wider, accompanied by the appearance of a shoulder at 71.6 eV from the surface 
Pt oxide,6 as discussed in the previous chapter. After evacuating O2 and introducing 1 
Torr of CO, a prominent high-binding energy component grows at 72.1 eV, in agreement 
with the low-coordinated Pt atoms at cluster edges bonded with CO molecules.3 This 
feature corresponding to Pt atoms at cluster edges disappears with the evacuation of CO 
and the re-introduction of 1 Torr of O2, whereas surface Pt oxide reappears at 71.6 eV. 
 
4.4 Conclusions 
In summary, the surface Pt oxide on Pt(557) formed under approximately 1 Torr of O2 is 
highly reactive to H2. The effects of the hydrogen oxidation reaction are visible by STM at 
a low H2 partial pressure of 2 mTorr. When raising the H2 partial pressure, the smaller 
amount of Pt oxide in STM images and the weaker oxide peak in O 1s spectra illustrate that 
the reaction proceeds via consumption of Pt oxide, whereas the amount of chemisorbed 
H2O and OH species remains constant at ~0.21 ML. Ultimately, at H2 partial pressures 
greater than 43 mTorr, the surface Pt oxide is fully removed. The surface Pt oxide can also 
be removed by CO under 2 Torr of 1:1 CO-O2 mixture. Both HP-STM and AP-XPS have 
revealed the reversible structural changes of the Pt(557) surface while switching the gas 
environment between O2 and CO. 
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Chapter 5  

Influence of Step Geometries on Pt Surface Reconstruction 

under Ethylene and Carbon Monoxide 

(This chapter covers similar materials as Zhu, Z. et al. in preparation.) 
 
Abstract 
The structure of two stepped Pt crystal surfaces, Pt(332) and Pt(557), was studied under 
C2H4, CO, and their gas mixtures at pressures in the Torr range at 298 K by HP-STM and 
AP-XPS. Both techniques show that the two crystal surfaces respond differently to the 
exposure of gases. Pt clusters are observed on both crystals but in different shapes under 
500 mTorr of CO. A subsequent introduction of 500 mTorr of C2H4 removes the clusters 
and restores the steps on Pt(332) as a result of ethylidyne adsorption at the (111) steps, 
whereas the CO-induced clusters remain on Pt(557) because the (100) steps are not proper 
for ethylidyne adsorption. While reversing the gas dosage sequence, periodic adsorption 
patterns due to ethylidyne are resolved at step edges on Pt(332) but not on Pt(557) under 
500 mTorr of C2H4. Pt clusters are observed on neither surface after further adding 500 
mTorr of CO. The step orientation thus plays a crucial role in influencing surface 
reconstruction at high gas pressures. 
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5.1 Introduction 
The low-coordinated surface sites, for example atomic step and kink positions, often have 
higher heat of adsorption, lower adsorption barrier, and higher sticking probability than 
terrace atoms when binding with reactants.1-7 In addition, chemical bonds in reactants are 
readily broken at step sites upon adsorption.7-11 Although the strong chemisorption at step 
sites may sometimes inhibit the occurrence of reactions,12 these low-coordinated sites are 
usually viewed as the real active sites for heterogeneous catalysis.1-3,8,9,13 Higher activity at 
step sites was indeed observed in a variety of solid−gas interface reactions such as 
hydrogen-deuterium exchange reaction,14-16 CO oxidation,13,17 metal oxide formation,18,19 
and ammonia synthesis.20,21 Reactions occurring at the solid−liquid interface and 
electrochemical reactions also proceed rapidly at step sites.22-24 

In addition to enhancing catalytic performances, low-coordinated sites promote drastic 
restructuring processes of the catalyst surfaces in response to adsorbed reactant 
molecules.19,25-28 High concentration of step sites can be controllably produced using 
stepped surfaces with high Miller-indices, which are thus ideal model systems to resemble 
real catalysts for investigation of surface reconstruction. Two step orientations with (111) 
and (100) microfacets are present near (111) terraces of fcc crystal structures. These two 
steps are hence denoted as (111) and (100) steps. Since step orientations are critical in 
influencing binding sites, bond strengths, and diffusion and activation barriers that are 
important in heterogeneous catalysis, distinct catalytic behaviors and reconstruction 
phenomena can be observed at different step sites. For instance, 1D Rh oxide is continuous 
at (100) Rh steps but defective at (111) Rh steps.29 The growth of 1D Rh oxide into a 2D 
oxide layer is hindered at (100) steps but fast at (111) steps below 523 K, because the 
defect-free 1D oxide increases the oxygen diffusion barrier. 

Structural changes due to co-adsorption of two or more gases have called considerable 
attention in surface science studies, because most reactions involve two or more reactant 
species present at catalyst surfaces. In addition, the structure affected by the competition 
between reactants and poisonous species is also critical in heterogeneous catalysis. The 
co-adsorption of CO and C2H4 on Pt, an important co-adsorption system, has been studied 
at elevated pressures on both low Miller-index surfaces and supported catalysts.30-33 The Pt 
surface structure has been shown to be strongly influenced by CO and C2H4 adsorption 
and by their competition during co-adsorption, depending on the sequence of gas dosage. 
On Pt surfaces pre-covered by CO, the sites for irreversible ethylene adsorption are almost 
all blocked. However, when ethylene was introduced first, CO is able to displace π-bonded 
ethylene and di-σ-bonded ethylene because the open and mobile ethylidyne adsorption unit 
cell also accommodates CO molecules. 

Despite a number of studies about CO and C2H4 co-adsorption on Pt surfaces with 
vibrational techniques and temperature programmed desorption, the Pt surface structure is 
not well understood at the molecular level. On the Pt(111) surface, CO and ethylidyne form 
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a hexagonal pattern, with CO occupying the top and bridge sites and ethylidyne residing on 
three-fold hollow sites.34 This chapter explores the reconstruction of two stepped Pt 
surfaces, Pt(332) and Pt(557) by HP-STM and AP-XPS in the presence of C2H4, CO, and 
their gas mixtures in the Torr range. Step orientations play a crucial role in determining 
surface reconstruction at high gas pressures. CO creates clusters in different shapes on the 
two surfaces at 500 mTorr. 500 mTorr of C2H4 results in periodic pattern at the step edges 
on Pt(332) but not on Pt(557). Most importantly, C2H4 post-adsorption removes the 
clusters on Pt(332) formed under pure CO, whereas Pt clusters on Pt(557) remain upon 
introducing ethylene. CO post-adsorption, however, does not change the structures induced 
by ethylene, although AP-XPS reveals nearly half monolayer of CO on both Pt surfaces. 
 
5.2 Experimental Section 
STM experiments were conducted in a transportable home-built system consisting of an 
STM chamber and a preparation chamber that are separated by a gate valve.35 Both 
chambers are kept under base pressures of 10-10 Torr. Before STM measurements, the Pt 
crystals were prepared via cycles of ion bombardment and annealing. A typical cycle 
involves Ar+ bombardment at 3 × 10-5 Torr at 1000 eV, O2 annealing at 5 × 10-8 Torr at 923 
K and a final flashing to 1073 K in UHV. After the last flashing step in UHV, crystals were 
cooled down to 298 K with a cooling rate of 1 K/sec. The preparation cycles were repeated 
until no carbon and oxygen contaminants were detected at surface by AES at 298 K. 
Commercial Pt0.8Ir0.2 tips with a 50-nm thick Au-coating layer were used to record all the 
STM images at 298 K. All the STM images were recorded with a sample bias of +0.2 V 
and a tunneling current of 0.1 nA. 

AP-XPS experiments were performed at Beamline 9.3.2 at ALS in LBNL.36 The 
apparatus also comprises two UHV chambers—one for XPS measurements and the other 
for sample preparation. The base pressures of the two chambers are in the 10-9 Torr range. 
Pt crystals were cleaned by following the identical procedures to those in the STM 
experiments. Pt surfaces were analyzed with XPS survey spectra to ensure the absence of 
any contaminants before gas introduction. 

Pt 4f, C 1s and O 1s core level spectra were obtained at 298 K at X-ray photon energies 
of 340 eV, 570 eV and 810 eV, respectively. Kinetic energies of photoelectrons were 
therefore 270~280 eV for all three elements, which ensured the same probing depth of ~0.6 
nm.37 Valence band spectra were acquired together with the core level spectra for energy 
calibration, by setting the Fermi edge in the valence band spectra at 0 eV. The intensity of C 
1s and O 1s spectra was normalized to Pt 4f spectra taken together under each condition. 
Shirley-type background was subtracted from each spectrum before peak deconvolution 
and area integration. CO coverage was calibrated relative to 0.50 ML on both Pt crystals at 
298 K,25 and the coverage of C2H4 was estimated by assuming the same atomic sensitivity 
of carbon atoms in CO and C2H4, i.e. the C 1s peak area of 0.01 ML C2H4 is twice as the 
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peak area of 0.01 ML CO. 
 
5.3 Results and Discussion 
5.3.1 Clean Surfaces 
Figure 5-1 shows the STM images of clean Pt(332) and Pt(557) surfaces in UHV along 
with the corresponding ball models. The two surfaces were both cut at an angle 10˚ off the 
(111) plane but along opposite directions, with miscut angles below 0.1˚. Both surfaces 
have six-atom wide hexagonally close-packed (111) terraces, whereas the monatomic steps 
are oriented along (111) and (100) directions on Pt(332) and Pt(557), respectively. Pt steps 
on the clean surfaces appear straight in the STM images. The average terrace widths are 
1.4 nm on both surfaces, which accords with the calculated values based on the Pt atomic 
radius of 139 pm.38 
 

 

Figure 5-1. (left) STM images and (right) the ball models of (top) Pt(332) and (bottom) 
Pt(557) surfaces. The STM images were acquired in UHV with a base pressure of 10-10 
Torr. Black, red, and blue parallelograms in the ball models mark the unit cell of terraces, 
steps, and the surfaces, respectively. 
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5.3.2 Ethylene Adsorption on Pt Surfaces Pre-Covered by CO 
Effect of step orientation on Pt surface reconstruction was first studied by introducing 500 
mTorr of CO and subsequently 500 mTorr of C2H4. Figure 5-2a shows that part of the Pt 
steps on Pt(332) break into clusters in parallelograms after adding under 500 mTorr of pure 
CO, which agrees with our prior studies under similar CO pressures.25 The rest of the steps 
without clusters are still straight on Pt(332), on which a periodic pattern can be roughly 
resolved, as shown in Figure 5-2b. The periodicity is measured as 570 pm from the line 
profile, close to twice as Pt−Pt distances. This structure is unlikely due to the c(4 × 2) 
pattern on Pt(111) terraces at 0.50 ML, because Moiré pattern is observed at high CO 
pressures.39 Detailed structure of this adsorption pattern requires information on the 
terraces. 
 

 

Figure 5-2. (a) STM image of Pt(332) under 500 mTorr of CO and (b) the line profile of 
the blue line in (a). Clusters in parallelograms are formed on Pt(332) under 500 mTorr of 
CO as highlighted in (a). CO adsorption is observed at the step edges where clusters are 
not formed. (c) STM image of Pt(332) after subsequently adding 500 mTorr of C2H4 into 
500 mTorr of CO and (d) the topography profile of the line in (c). Pt clusters disappear on 
Pt(332) after introducing C2H4. Periodic adsorption pattern is resolved more clearly. 
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Upon further introducing 500 mTorr of C2H4, Figure 5-2c shows that over 80% of the Pt 

clusters on Pt(332) originally formed under CO disappear, which suggests that C2H4 is able 
to adsorb on the Pt(332) surface pre-covered by CO. The presence of three-fold sites at 
steps allows C2H4 adsorption on the CO-covered Pt(332) surface, as was revealed in our 
previous studies on supported Pt nanoparticles.32 The periodic pattern with a periodicity of 
570 pm is resolved more clearly at the step edges, with the topography profile displaying in 
Figure 5-2d. Although CO gives a c(4 × 2) pattern39 on Pt(111) terraces and ethylidyne 
gives a (2 × 2) pattern40 that both contain twice periodicity, these structures actually form at 
pressures in the 10-7 Torr range. At elevated pressures, the CO-C2H4 mixture induces a 
Moiré pattern on Pt(111) terraces similar to the pattern formed by CO alone.34,39 However, 
the similar contrast in the periodic pattern in Figure 5-2d implies that Moiré pattern is not 
formed. The periodic structure at the step edges is tentatively ascribed to the adsorption of 
CO and ethylidyne together.  
 

 

Figure 5-3. STM images of Pt(332) under 500 mTorr of CO and 2.5 Torr of C2H4 at (a) 
low and (b) high magnification. The CO-induced clusters all disappear at the step edges 
and some new bright features appear on the terraces. Zooming in at the step edges shows 
the periodic pattern at the step edges. (c) Topography profile of the blue line in (b) showing 
the periodicity of 570 pm. 

 
The Pt(332) surface structure continues changing with the further increase of the C2H4 

partial pressure. Figure 5-3a illustrates that, when 2.5 Torr of C2H4 is introduced, the 
CO-induced clusters completely vanish on Pt(332). New bright features with round shape 
and approximately 1 nm in size are observed at the step proximity on the upper terraces. 
Since the relative contrast between these features and Pt steps differs from the contrast 
between the clusters and Pt steps in Figure 5-2a, the bright spots are attributed to the 
weakly adsorbed ethylene-related species. Further vibrational spectroscopy measurements 
are under plan to identify the chemical composition of the surface species. The periodic 
structure is still seen when zooming in at the step edges, as in Figure 5-3b. Figure 5-3c 
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shows the topography profile of the blue line in Figure 5-3b with the periodicity remaining 
at 570 pm. 

Structural changes on Pt(557) upon the same gas introduction process are different from 
the phenomena observed on Pt(332). As displayed in Figure 5-4a, Pt clusters are formed on 
all the Pt steps on Pt(557) when 500 mTorr of CO is initially dosed. No periodic adsorption 
pattern is resolved because Pt clusters are adjacent to each other, leaving no space 
between clusters. These clusters are triangular, different from the clusters on Pt(332) in 
shape, in consistence with our prior reports.25 The average cluster size of 2 nm both along 
the steps and vertical to steps indicates that the cluster formation is preceded by a doubling 
transition of terrace widths and step heights. Figure 5-4b demonstrates that neither the 
removal of Pt clusters nor the appearance of periodic patterns at step edges after adding 500 
mTorr of C2H4, probably because the four-fold sites at (100) steps are inappropriate for 
ethylidyne adsorption. 
 

 

Figure 5-4. STM images of Pt(557) under (a) 500 mTorr of CO and (b) after subsequently 
adding 500 mTorr of C2H4. All the steps on Pt(557) break into triangular clusters of 2 nm 
in size on average under 500 mTorr of CO. These clusters remain on Pt(557) with the 
further introduction of 500 mTorr of C2H4. 

 
Detailed analysis of the C 1s and O 1s spectra also reveals the different reconstruction on 

Pt(332) and Pt(557), as shown in Figure 5-5 and Figure 5-6. Under 500 mTorr of CO, C 1s 
and O 1s spectra can be both deconvoluted into three components corresponding to CO 
molecules in the gas phase, at top sites, and at bridge sites.41,42 Hydrocarbon contamination 
from chamber background gases, usually at around 284 eV in C 1s spectra, is not observed. 
However, a higher proportion of CO molecules reside on top sites on Pt(332) than on 
Pt(557). The top-to-bridge CO ratio, estimated based on the deconvoluted O 1s peak areas, 
is 3.0 on the Pt(332) surface but 2.3 on the Pt(557) surface. The preference of CO on top 
sites on Pt(332) is due to the exclusive adsorption on top sites at (111) steps, in contrast 
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with the adsorption on both top and bridge sites at (100) steps.43 In addition, the CO 
coverage is 0.88 ML on Pt(332) and 0.93 ML on Pt(557) at 500 mTorr. The higher CO 
coverage on Pt(557) under the same CO pressure leads to the stronger repulsion between 
adsorbed CO molecules. In order to remedy the repulsive interaction between CO, more 
Pt atoms on Pt(557) diffuse along the steps to form clusters having a higher concentration 
of low-coordinated kink sites, leading to the higher cluster coverage on Pt(557). 
 

 

Figure 5-5. C 1s and O 1s spectra of Pt(332) recorded in UHV, under 500 mTorr of CO, 
after adding 500 mTorr of C2H4, and after gas evacuation. Blue lines denote CO-related 
species in the gas phase and at surface, and red lines represent ethylene-related species. 
C2H4 is able to chemisorb on the Pt(332) surface that is pre-covered by CO. The coverage 
of C2H4 retains on Pt(332) after gas evacuation, whereas CO partially desorbs. 

 
After introducing C2H4, not only does a peak appear at ~286.0 eV in the C 1s spectra 

owing to the gas-phase C2H4, but a small feature also grows at ~284.1 eV as the evidence 
of ethylene-related adsorbates on stepped Pt surfaces. The adsorption of ethylene on 
stepped Pt surfaces pre-covered by CO is directly evidenced by AP-XPS measurements. 
The C2H4 coverage is estimated to be 0.08 and 0.05 ML on Pt(332) and Pt(557), with the 
CO coverage decreasing to 0.80 and 0.88 ML, respectively. One ethylene molecule seems 
to displace one CO molecule during co-adsorption, because the C2H4 coverage is equal to 
the CO coverage decrease. Since the (111) steps on Pt(332) provide extra three-fold sites 
for ethylidyne adsorption, Pt(332) accommodates more C2H4 than Pt(557). The increase in 
top-to-bridge CO ratio to 3.3 on Pt(332) indicates CO adsorption site exchanges caused by 
ethylene-related adsorbates. Ethylidyne molecules drive the Pt atoms at the cluster edges 
to move back to the step sites. In contrast, since the four-fold sites at (100) steps on 
Pt(557) do not admit ethylidyne adsorption, clusters remain and the top-to-bridge CO 
ratio retains at 2.3 on Pt(557) with the addition of C2H4. 
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Figure 5-6. C 1s and O 1s spectra of Pt(557) under CO and C2H4. These spectra were taken 
in UHV, under 500 mTorr of CO, after adding 500 mTorr of C2H4, and after gas evacuation. 
Blue and red lines denote CO-related and ethylene-related species, respectively. The 
Pt(557) surface pre-covered by CO is able to accommodate C2H4 as well, although the 
ethylene-related adsorbate peak is less intense than that on Pt(332). Ethylene-related 
adsorbates remain upon gas evacuation, but part of the adsorbed CO desorbs. 

 
 

 
Figure 5-7. (a) Changes of CO coverage on Pt(332) with respect to CO pressures. The dash 
line marks 0.80 ML CO, the CO coverage on the cluster-free Pt(332) surface after adding 
500 mTorr of C2H4 into 500 mTorr of CO. Approximately 50 mTorr of pure CO gives a 
coverage of 0.80 ML on Pt(332). (b) STM image of Pt(332) under 7 mTorr of CO (~0.73 
ML), showing the formation of CO-induced clusters, which look similar to the clusters 
under 500 mTorr of CO. Pt clusters can be formed at a pure CO coverage below 0.80 ML. 

 
However, the lower CO coverage on Pt(332) may provide an alternative explanation for 
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the disappearance of clusters that the critical CO coverage to induce clusters on Pt(332) is 
between 0.80 and 0.88 ML. From the trend of the CO coverage on Pt(332) with respect to 
the CO pressure in Figure 5-7a, a reference experiment was performed under 7 mTorr of 
pure CO which gives 0.73 ML CO on Pt(332). Figure 5-7b shows that Pt clusters can still 
form at this low CO coverage. It is hence undoubtedly the adsorption of ethylidyne at step 
sites that causes the Pt clusters to disappear on Pt(332). Ethylene-related adsorbates are 
present on both Pt surfaces after evacuating the XPS chamber to 10-8 Torr, which further 
verifies the adsorption of C2H4 the stepped Pt surfaces pre-covered by CO. The C2H4 
coverage does not change on both surfaces, whereas the CO coverage decreases to 0.49 ML 
on Pt(332) and to 0.63 ML on Pt(557) owing to partial desorption. 
 
5.3.3 CO Adsorption on Pt Surfaces Pre-Covered by Ethylene 
Surface restructuring processes when introducing CO after C2H4 are distinct from the 
phenomena observed when adding CO prior to C2H4 on both Pt(332) and Pt(557) surfaces. 
Figure 5-8a shows that short periodic patterns are resolved at part of step edges on Pt(332) 
under 500 mTorr of C2H4. The line profile in Figure 5-8d shows the periodicity of 570 pm, 
which can correspond to C2H4 adsorption. C2H4 is likely to convert to ethylidyne after 
adsorption, since three-fold fcc hollow sites are present on (111)-oriented terraces and 
steps on Pt(332). Since ethylidyne forms a (2 × 1) pattern at 0.50 ML on Pt(111) 
terraces,40 and in the sense that XPS analysis shown below estimates the C2H4 coverage 
to be 0.50 ML on Pt(332), the pattern is due to the ethylidyne adsorption. Whether 
ethylidyne resides on upper terraces or at steps is currently hardly determined, because the 
blunt STM tip due to the 50-nm thick Au layer is not able to image the structure on the 
narrow terrace of 1.4 nm in width. Although steps appear roughened in Figure 5-8a, it is 
the absence of ethylidyne at part of the steps that leads to distinct contrast in the image, 
which looks as if the kink sites are formed. 

Figure 5-8b demonstrates that further adding 500 mTorr of CO does not lead to any 
obvious structural changes. CO-induced clusters are not observed even 4 h after the 
introduction of CO. Because ethylene-related adsorbates bond to a few Pt atoms, for 
instance, each ethylidyne molecule bonds to three Pt atoms, the Pt diffusion barrier can be 
significantly increased, because Pt−C bond breaking is needed prior to Pt atom diffusion. 
Additionally, the ethylene-saturated Pt(332) surface does not admit as much CO as the 
clean Pt(332) surface. The repulsion between CO molecules is thus not sufficiently strong 
to push Pt atoms to diffuse. Since the CO−CO repulsion is a major driving force for Pt 
diffusion and cluster formation,25 CO-induced Pt clusters cannot form on the Pt(332) 
surface pre-covered by C2H4. The periodic structure observed under pure C2H4 is also 
clearly resolved after adding CO while zooming in at the steps, as in Figure 5-8c. Figure 
5-8e displays that the periodicity remains at 570 pm. This periodic pattern is due to either 
the adsorption of ethylidyne alone or its co-adsorption with CO. 
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Figure 5-8. STM images and topography profiles of Pt(332) under C2H4 and its mixture 
with CO. (a) Short periodic patterns due to ethylidyne adsorption are observed at steps on 
Pt(332) under 500 mTorr of C2H4. (b,c) After subsequently introducing 500 mTorr of CO, 
no Pt clusters are formed. A periodic structure is clearly seen at the step edges in the high 
magnification STM image in (c). (d,e) Line profiles of the blue line in (a) and the black 
line in (c), respectively, showing the periodicity of 570 pm from ethylidyne adsorption and 
the co-adsorption with CO. 

 
The reconstruction on Pt(557) during the same gas introduction process is shown in 

Figure 5-9. As in Figure 5-9a, no periodic structure is observed at step edges under 500 
mTorr of C2H4, since ethylidyne cannot occupy the four-fold sites at (100) steps on 
Pt(557). Instead, a few separate bright spots of 800 pm in size, with the line profile in 
Figure 5-9c, are decorating the step edges. These spots are attributed to ethylene-related 
adsorbates at the (100) steps, possibly vinylidene. C2H4 is easier to adsorb at (111) steps on 
Pt(332), in accordance with methane adsorption results that C−H bonds are easier to break 
at (111) steps than at (100) steps.44 When 500 mTorr of CO was subsequently added while 
keeping the C2H4 partial pressure at 500 mTorr, the surface structure does not change 
obviously with similar bright species also being observed at the step edges, as in Figure 
5-9b. Although some steps do turn meandering upon adding CO, triangular clusters do not 
appear on Pt(557) regardless of the CO exposure time, similar to the results on Pt(332). 
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Figure 5-9. STM images of Pt(557) recorded (a) under 500 mTorr of C2H4 and (b) after 
subsequent addition of 500 mTorr of CO. A few bright spots instead of periodic patterns 
are resolved at the step edges. Further introducing CO does not lead to cluster formation 
on Pt(557). (c) Topography profile of the blue line in (a) showing that the bright spots at 
the step edges are separated by at least 1 nm.  

 
 

 

Figure 5-10. C 1s and O 1s spectra of Pt(332) under C2H4 and CO. These spectra were 
recorded in UHV, under 500 mTorr of C2H4, and after adding 500 mTorr of CO. Although 
pre-covered by ethylene-related adsorbates, Pt(332) can still accommodate about half a 
monolayer of CO. CO only displaces less than 10% of ethylene-related adsorbates. 

 
Figure 5-10 and Figure 5-11 display the C 1s and O 1s spectra of both Pt surfaces 

recorded under 500 mTorr of C2H4 and after subsequent addition of 500 mTorr of CO. 
Under 500 mTorr of C2H4, two peaks are observed in C 1s spectra at ~286.2 eV and ~284.2 
eV that originate from gas-phase C2H4 and ethylene-related adsorbates, respectively. Even 
though ethylidyne is considered as the major adsorbate on Pt(332) and Pt(557) because of 
the ethylidyne peak position at 284.3 eV,45 detailed adsorbate composition is hard to 
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determine on the sole basis of XPS spectra. C−H stretch frequencies in vibrational spectra 
are required to determine the type of adsorbates. The total C2H4 coverage is estimated as 
~0.50 ML on both surfaces. The absence of any O 1s peaks under 500 mTorr of C2H4 
indicates no contamination from CO in the background gases. CO chemisorbs on both Pt 
surfaces as soon as 500 mTorr of CO is introduced, as shown by the growth of top-CO and 
bridge-CO peaks in O 1s spectra at ~532.8 and ~531.3 eV, respectively. Most of the 
ethylene-related adsorbates are not replaced by CO, since the C 1s peaks at ~284.2 eV keep 
90% of the initial intensity on both surfaces. The gas-phase C2H4 peaks downshift by 0.5 
eV because the sample work function has increased as a result of CO adsorption.41,46 Both 
Pt surfaces admit ~0.50 ML CO, which illustrates that the ethylene-saturated stepped Pt 
surfaces are open to CO adsorption. However, CO does not prefer the same adsorption sites 
while adsorbing on the stepped surfaces pre-covered by C2H4. From the peak areas in O 1s 
spectra, the top-to-bridge CO ratio is 4.0 on Pt(332) but 0.7 on Pt(557). Such discrepancy 
in CO preferential adsorption sites could be due to distinct structures initially under pure 
C2H4 resulted from the different step orientations. 
 

 

Figure 5-11. C 1s and O 1s spectra of Pt(557) taken in UHV, under 500 mTorr of C2H4, and 
after adding 500 mTorr of CO. The Pt(557) surface pre-covered by C2H4 also admits about 
0.50 ML CO. Less than 10% of ethylene-related adsorbate molecules are displaced by CO. 

 
5.4 Conclusions 
In conclusion, surface restructuring processes on Pt(332) and Pt(557), which have the same 
terraces but differ in step orientations, are investigated under the mixture of C2H4 and CO 
in the Torr range at 298 K. HP-STM and AP-XPS results reveal that surface reconstruction 
relies on the step geometry as well as the sequence of gas introduction. When adding CO 
first, nanometer-sized Pt clusters are formed at step edges on both Pt(332) and Pt(557), 
although the cluster shapes are different. The subsequent addition of C2H4 can remove Pt 
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clusters on Pt(332) owing to ethylidyne adsorption, whereas clusters on Pt(557) are 
preserved. AP-XPS spectra demonstrate that C2H4 is capable of adsorbing on both Pt 
surfaces pre-covered by CO at a low coverage, through displacing a similar amount of CO. 
Under 500 mTorr of pure C2H4, ethylidyne leads to a periodic structure at (111) steps on 
Pt(332). In contrast, no periodic structure is resolved at (100) steps on Pt(557). The 
subsequent CO introduction does not create any Pt clusters, probably since the CO 
coverage is lower in co-adsorption with ethylidyne, and because the strong Pt−ethylidyne 
bonding increases the Pt diffusion barrier. AP-XPS results have shown that the C2H4 and 
CO coverage are similar on both Pt surfaces. The preferential adsorption sites of CO are 
also affected by step orientations—CO prefers to occupy top sites on Pt(332) as compared 
to on Pt(557) under the same gas environments. 
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Chapter 6  

Changes in Structure and Mobility on the Pt(100)-hex Surface 

Induced by Ethylene and its Mixture with Hydrogen and 

Carbon Monoxide 

 
(This chapter covers similar materials as in Zhu, Z. et al., J. Phys. Chem. C 2013, 117, 
2799-2804 – reproduced with permission, copyright 2013 American Chemical Society; 
and Butcher, D. R.; Zhu, Z. et al., Chem. Commun. 2013, 49, 6903-6905 – reproduced by 
permission of the Royal Society of Chemistry.) 
 
Abstract 
This chapter is devoted to studies in the structure and mobility of the Pt(100) surface in the 
presence of gas-phase ethylene, and its mixture with hydrogen and carbon monoxide at 298 
K. HP-STM shows that the hexagonal reconstruction on the clean Pt(100) surface is 
preserved under 1 Torr of C2H4. The Pt(100) surface is saturated by mobile ethylidyne and 
di-σ-bonded ethylene adsorbates. The concept of surface mobility also applies to the 
metal atoms, because ethylene-related adsorbates weaken Pt−Pt bonds and thus facilitate 
displacements of Pt atoms in the hexagonal layer. At 5 × 10-6 Torr of C2H4, co-adsorbed 
CO from background gases lifts the reconstruction, with the excess Pt atoms from the 
initial hexagonal layer forming Pt islands across the surface. The chemisorption of CO 
from vacuum background gases, in the nominally pure C2H4, is revealed by AP-XPS. 
Adsorbates are mobile and the Pt(100) catalyst is active under the mixture of 500 mTorr of 
C2H4 and 500 mTorr of H2, but adding 3 mTorr of CO into the C2H4-H2 mixture quenches 
the mobility and deactivates the Pt catalyst. Meanwhile, the hexagonal reconstruction is 
also lifted. 
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6.1 Introduction 
The Pt(100) surface is an appealing system in surface science studies, because it shows 
structures that are different from those of the bulk layers. LEED measurements revealed 
that above 440 K in vacuum, the topmost layer of the clean surface rearranges from the 
square lattice characteristic of the bulk planes to a densely packed quasi-hexagonal layer.1-5 
The long-range periodicity of the reconstructed surface was found to be (5 × 20) or (5 × 25) 
with respect to that of the (1 × 1) bulk structure, which is generally denoted as 
Pt(100)-hex.2 The surface strain resulted from the lattice mismatch between the hexagonal 
overlayer and the square bulk termination is balanced by the energy gain through the close 
packing.6 When heating the Pt(100)-hex surface to above 1100 K, the top hexagonal layer 
rotates by 0.7º with respect to the second layer, forming a superstructure named as 
Pt(100)-hex-R0.7º.2,5 Both Pt(100)-hex and Pt(100)-hex-R0.7º reconstructions can be 
lifted by exposure to CO,7-14 O2,

14-16 NO,13,17,18 and benzene,11 leading to the formation of 
islands by the excess Pt atoms from the initial hexagonally reconstructed Pt(100) surface. 

Ethylene hydrogenation has long been studied as a model reaction in heterogeneous 
catalysis on Pt catalysts. This reaction is structure insensitive, since the turnover rate was 
observed to be independent on the Pt catalyst structure.19-22 Investigation of ethylene 
adsorption structure on Pt catalysts can help understand the structure insensitivity of 
ethylene hydrogenation. Early studies of ethylene adsorption on Pt(100)-hex have revealed 
that C2H4 adsorbs molecularly as a di-σ-bonded complex at 120 K, favoring the three-fold 
hollow sites at the surface.23 At 350 K, all the di-σ-bonded ethylene rearranges to 
ethylidyne that centers on three-fold sites as well, with the hydrogen generated by the 
reaction desorbing from the surface. In contrast, on the (1 × 1) Pt(100) surface, C2H4 
decomposes through another pathway in which vinylidene is suggested as the intermediate. 
At high pressures (35 Torr) of C2H4 at room temperature, SFG vibrational spectra have 
shown that both ethylidyne and di-σ-bonded ethylene are present on the Pt(100) surface.24 
At catalytically active temperatures and pressures, the most reactive pathway for ethylene 
hydrogenation involves the π-bonded ethylene species, whereas the reaction of hydrogen 
with ethylidyne and di-σ-bonded ethylene occurs relatively slowly.  

It was reported in literature that C2H4 is able to remove the hexagonal reconstruction on 
Pt(100), like CO, O2 and NO,. Exposure of Pt(100)-hex to C2H4 at room temperature leads 
to the disappearance of the one-fifth order diffraction spots in LEED.25,26 Using STM, 
Ritter et al.13 first observed a heterogeneous nucleation process beginning at lattice defects 
for the ethylene-induced removal of the hexagonal reconstruction, followed by anisotropic 
growth of the (1 × 1) structure related to the orientation of the original reconstructed 
surface. Rønning et al.27 showed that 2 × 10-8 mbar of C2H4 can cause the (1 × 1) island 
domains to form on Pt(100)-hex-R0.7º. In a series of experiments with C2H4 exposures 
ranging from 9 to 72 L, the islands were found to grow following the direction of stripes on 
the reconstructed surface. Heating the ethylene-saturated Pt(100) surface in vacuum does 
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not lead to graphite formation as is the case on Pt(111), but results in a partial relaxation of 
the surface back to the hexagonal layer at 670 K. The outermost layer is fully rearranged to 
the quasi-hexagonal pattern above 900 K.27 

The advent of in situ characterization techniques such as HP-STM and AP-XPS renders 
it possible to study the important reconstruction processes of catalyst surfaces, in the 
presence of gases well beyond the pressure limits that were previously accessible. Apart 
from unraveling surface structure at the molecular level under gas environments close to 
real catalytic conditions,11,28-33 HP-STM can reveal dynamic aspects such as adsorbate 
mobility and its correlation with catalytic activity.34-37 The mobility of adsorbed species at 
the catalyst surface is a crucial requisite for reactant molecules to access favorable sites for 
catalytic turnovers. In contrast, immobile species that strongly chemisorb on the surface 
can hinder the diffusion of reactants, block the active sites, and ultimately deactivate the 
catalysts. A less studied aspect of the surface mobility is the movement of catalyst atoms, 
which can be facilitated by the weakening of metal−metal bonds as a result of the 
chemisorption of reactants. 

Our group have observed that, during the hydrogen and deuterium exchange reaction 
(200 mTorr of H2 and 20 mTorr of D2 at 298 K), no surface order is discernible on Pt(111)  
in the STM images by virtue of the high adsorbate mobility.35 Both the adsorbate diffusion 
and the reaction stop upon introducing CO, accompanied by the formation of ordered CO 
adsorption patterns. Chemisorbed CO molecules poison the reaction through raising the 
diffusion barrier for reactants and blocking the active sites.37 Partial desorption of CO by 
heating to 345 K and above regenerates ensembles of vacancy sites for adsorption as well 
as dissociation of reactants and opens adsorbate diffusion pathways, hence reactivating the 
Pt catalyst.35  

This chapter studies structure and mobility on Pt(100) under pure C2H4 and under the 
mixture of C2H4, H2 and CO at pressures in the Torr range. The hexagonal reconstruction is 
preserved on Pt(100) under 1 Torr of C2H4, and both ethylene-related adsorbates and 
substrate Pt atoms are mobile on the surface. At 5 × 10-6 Torr of C2H4, however, 
background CO co-adsorbs with C2H4 and lifts the hexagonal reconstruction, which cannot 
be re-established when further increasing the C2H4 pressure to 1 Torr. Under 1 Torr of 1:1 
C2H4-H2 mixture, the adsorbates move rapidly with the occurrence of ethylene 
hydrogenation, whereas subsequent introduction of 3 mTorr of CO suppresses the 
adsorbate mobility and deactivates the Pt catalyst. The hexagonal reconstruction on the 
Pt(100) surface is also lifted by CO adsorption. 
 
6.2 Experimental Section 
HP-STM experiments were conducted in the home-built system that was described in 
Chapter 2.38 A clean Pt(100)-hex crystal was prepared by Ar+ sputtering at 1000 eV at 298 
K for 20 min, annealing at 10-7 Torr of O2 at 923 K for 5 min and annealing in vacuum at 
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1073 K for 15 min. The sputtering and annealing cycles were repeated until the Auger 
spectra showed the absence of impurities on the Pt(100)-hex sample surface. All the STM 
images were recorded at 298 K using electrochemically etched tungsten tips,39 with a 
sample bias of +0.1~0.2 V and a tunneling current of 0.1~0.2 nA. 
AP-XPS measurements were carried out at Beamline 9.3.2 at ALS in LBNL.40,41 The 

Pt(100)-hex crystal was cleaned by the identical procedure to that before STM experiments, 
and the surface was analyzed with XPS to confirm that no contaminants were present. Pt 4f, 
C 1s and O 1s core level spectra were acquired at incident X-ray photon energies of 340 eV, 
570 eV and 810 eV, respectively, such that photoelectrons with similar kinetic energies 
(~280 eV) were generated, in order to ensure the same surface sensitivity (~0.6 nm) for all 
the elements.42 The energy position of each XPS spectrum was calibrated with respect to 
the Fermi edge at 0 eV. After intensity normalization and background subtraction, the 
integrated peak areas were employed to monitor the CO and C2H4 coverage on Pt(100). 
The CO coverage is estimated based on the O 1s to Pt 4f peak area ratio, with a calibration 
using 0.50 ML CO on Pt(557) at 5 × 10-9 Torr.28 The coverage of C2H4 is estimated through 
the C 1s to Pt 4f area ratio, by assuming the same sensitivity factor of carbon atoms in C2H4 
and CO. 

Catalytic studies were performed in a batch reactor equipped with a boron nitride heater 
and a re-circulation pump for gas mixing. Since the reactor is not equipped with a sputter 
ion gun and because the base pressure of the reactor is in the 10-7 Torr range, the Pt(100) 
crystal was cleaned in the reactor by cycles of annealing in O2 and in vacuum. The gas 
composition of the reaction mixture was detected by gas chromatograph with a thermal 
conductivity detector. The conversion of C2H4 was measured in a time scale comparable to 
the durations of HP-STM and AP-XPS experiments. 
 
6.3 Results and Discussion 
6.3.1 Clean Pt(100)-hex 
Figure 6-1a,b show the model of the Pt(100)-hex surface, in which a quasi-hexagonal 
overlayer of Pt atoms reside on top of the underlying (100) plane.1 The distances between 
the Pt atoms in the topmost hexagonal layer have decreased by 3.8% relative to the bulk 
value,43 such that six rows of atoms in the reconstructed layer commensurately fit over five 
rows of atoms in the substrate along the [011] direction. The quasi-hexagonal overlayer 
accordingly contains ~25% more Pt atoms than the (1 × 1) layer. Figure 6-1c,d show the 
STM image of the clean Pt(100)-hex surface and a 7 nm topography line profile along the 
[011] direction, respectively. The mismatch between the top two layers results in ~30 pm 
modulation of the atomic heights along the [011] direction, causing the appearance of 
parallel stripes under STM. The average spacing between the stripes is 1.4 nm, as shown in 
Figure 6-1d, in accordance with the width of five atomic rows on the substrate. 
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Figure 6-1. (a) Top view and (b) side view of the model of the Pt(100)-hex surface. Yellow 
and brown balls represent the surface and the bulk layers, respectively. Only the first layer 
is hexagonally reconstructed. (c) STM image of Pt(100)-hex in UHV and (d) the 
topographic profile of the line in (c). The periodicity along the [011] direction is 1.4 nm and 
the height corrugation is ~30 pm, compared to a monatomic step height of 220 pm. 

 
6.3.2 High Pressures of C2H4 
Figure 6-2a shows that, after introducing 1 Torr of C2H4 into the HP-STM system, the 
stripes characteristic of the hexagonal reconstruction are preserved. The structure is stable 
under 1 Torr of C2H4 at 298 K even after several hours of exposure. A line scan profile 
along the [011] direction, as in Figure 6-2b, reveals that the row periodicity remains at 1.4 
nm. Since the major species on Pt(100) at high C2H4 pressures are ethylidyne and 
di-σ-bonded ethylene that both favor three-fold hollow sites on the hexagonal overlayer,24 
the reconstruction appears to be preserved by these species. The height corrugation 
increases from ~30 to ~120 pm, because the presence of ethylidyne and di-σ-bonded 
ethylene alters the electronic structure of the Pt(100)-hex surface, which affects the 
tunneling probability and hence changes the apparent heights. The high coverage of 
ethylidyne and di-σ-bonded ethylene at high gas pressures also enhances the noise level at 
surface, causing some stripes to distort. 

In addition, ethylidyne and di-σ-bonded ethylene adsorbates diffuse rapidly across the 
surface under 1 Torr of C2H4 in the time scale of STM imaging, in the sense that the stripes 
become blurred in Figure 6-2a as compared with the sharp stripes in UHV in Figure 6-1c, 
with no molecular details of the adsorbates resolved. Similarly, on the close-packed Pt(111) 
surface, ethylidyne is not resolvable by STM unless the system is cooled to below 230 K, 
although a sharp (2 × 2) pattern is observable by LEED above 230 K.44 The high mobility 
of ethylidyne adsorbates on Pt(111) is due to the low diffusion barrier of ~0.11 eV.45 Given 
the similarity in atomic packing between the Pt(100)-hex and Pt(111) surfaces, the energy 
barrier for ethylidyne diffusion on Pt(100)-hex can be small as well, which causes the 
adsorbate structure to be not resolvable. 
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Figure 6-2. (a) STM image of Pt(100)-hex after the introduction of C2H4 to increase the 
pressure from 10-10 to 1 Torr. The stripes indicate that the hexagonal reconstruction is 
preserved. (b) Line scan profile of the blue line in (a). The periodicity along the [011] 
direction remains at 1.4 nm, whereas the average corrugation increases to ~120 pm. 

 
 

 
Figure 6-3. STM images of Pt(100)-hex taken under 1 Torr of C2H4. The white arrows 
mark the tip scanning direction: horizontal scans in (a) and vertical scans in (b) and (c). An 
impurity feature marked by “X” helps locate the relative positions of the waves of the 
misfit reconstruction. Figures (b) and (c) show the distortion caused by interaction with the 
STM tip which “pushes” the crest of the dislocation wave along the displacement direction, 
i.e., perpendicular to the corrugated rows. 

 
An interesting and unexpected observation under this condition is that the Pt atoms in 

the hexagonal layer covered by ethylene-related adsorbates can also move under the 
influence of the tip, as revealed by the series of STM images in Figure 6-3. In Figure 6-3a, 
the tip scans from right to left, roughly parallel to the orientation of the stripes, whereas the 
tip scans from top to bottom and from bottom to top in Figure 6-3b,c, perpendicular to the 
stripes. An impurity shared by all three images, highlighted by “X”, provides a spatial 
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reference of the location. Other defects are also present that distort the alignment of the 
stripes, for example the stripes appear fragmented in the locations marked by “1” and “2”. 
When the tip scans along the stripes, the stripes appear roughly linear. However, with the 
tip scanning in the perpendicular direction, the stripes became distorted as shown in Figure 
6-3b,c. The fragment “2” now becomes connected with the stripe on the right. Interestingly, 
the stripes are found to displace up or down in the image in units of the stripe period (1.4 
nm), as shown by the red dashed lines. When the scanning direction makes an angle of 60º 
or less with the stripes, the distortion is small or not visible. 
 

 

Figure 6-4. STM images of the clean Pt(100)-hex surface when scanning perpendicular to 
the stripes. The tip scans (a) from top to bottom and (b) from bottom to top. No surface 
waves are observed. 

 
These observations can be explained by a displacement of the corrugation profile of the 

hexagonal layer of Pt atoms. This displacement is akin to the movement of a wave where 
the crest shifts when atoms in the top hexagonal layer move a small lateral distance over 
the substrate, resulting in a much larger displacement of the wave phase by one period. 
Such displacements are facilitated by the weakened Pt−Pt interactions between the first 
and second layers due to the adsorption of ethylene, since this waving structure is not 
observed on the clean Pt(100)-hex surface in the absence of ethylene-related adsorbates. 
Figure 6-4 displays that, when the tip scans perpendicular to the stripes in UHV, the stripes 
characteristic of the hexagonal layer are straight without any distortion. 

Important information regarding surface composition is obtained from the peaks in the 
Pt 4f, C 1s and O 1s core level spectra, as shown in Figure 6-5. The spectra were collected 
in UHV, at 1 Torr of C2H4, and after gas evacuation. Pt(100)-hex is free of contaminants 
prior to gas introduction. At 1 Torr of C2H4, a shoulder arises at 71.6 eV in the Pt 4f 
spectrum from the surface atoms bonded to the ethylene-related adsorbates. In the C 1s 
spectrum, the peak at 286.8 eV is characteristic of gas-phase C2H4,

46 whereas the other 
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broad peak at 284.1 eV from surface hydrocarbon species can be deconvoluted into two 
components at 284.3 eV and 283.6 eV, which correspond to ethylidyne and di-σ-bonded 
ethylene, respectively.47 XPS spectra have thus verified the assignment of ethylene-related 
adsorbates on Pt(100)-hex to ethylidyne and di-σ-bonded ethylene. The ethylidyne peak 
area is three times larger than the area of the di-σ-bonded ethylene peak. 
 

 

Figure 6-5. (left) Pt 4f; (center) C 1s; and (right) O 1s XPS spectra of Pt(100)-hex obtained 
(a) in UHV, (b) after dosing 1 Torr of C2H4, and (c) after gas evacuation. A Shirley-type 
background was subtracted from all the spectra, with the intensities scaled based on the 
normalization of Pt 4f peaks. Ethylidyne and di-σ-bonded ethylene saturate the surface 
when the C2H4 gas pressure reaches 1 Torr. The di-σ-bonded ethylene peak decreases in 
intensity after the removing gas-phase C2H4. The absence of oxygen peaks indicates 
background CO does not accumulate on Pt(100) under 1 Torr of C2H4. 

 
Upon C2H4 evacuation to 10-8 Torr, the gas-phase C2H4 peak disappears as expected. 

Di-σ-bonded ethylene also partially desorbs from surface, which leads to a small decrease 
in the intensity of the di-σ-bonded ethylene component and thus a slight change in the 
overall peak shape at 284.1 eV. The partial desorption of di-σ-bonded ethylene at 298 K 
accords with literature reports that di-σ-bonded ethylene has two desorption peaks at 280 
and 330 K.23 The ethylidyne peak, however, remains unchanged upon evacuating C2H4. 
The absence of any O 1s peak indicates that background CO does not adsorb on 
Pt(100)-hex with the saturation of ethylidyne and di-σ-bonded ethylene.  

The Pt(100) surface structure after evacuating C2H4 to 10-8 Torr was also studied by 
STM. As shown in Figure 6-6a, the stripes are still roughly maintained after removing 
C2H4 in the gas phase, indicating that the hexagonal reconstruction is still largely 
preserved, even though some stripes have been segmented into short pieces. The 
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periodicity along the [011] direction remains at 1.4 nm. On part of the Pt(100) surface, for 
example at the bottom left of Figure 6-6a, some stripes have broken into small islands, 
evidencing the lifting of the reconstruction. Subsequently, when 10-6 Torr of C2H4 is 
refilled into the HP-STM system, the bright stripes representative of the hexagonal 
reconstruction are no longer present. Figure 6-6b shows that the stripes have been replaced 
by 2~3 nm monatomic islands covering the entire surface, because background CO slowly 
accumulates onto the Pt(100) surface. The CO accumulation causes the partial (Figure 6-6a) 
and complete (Figure 6-6b) lifting of the hexagonal reconstruction on Pt(100), which will 
be further discussed in detail in the next section. 
 

 

Figure 6-6. STM images of Pt(100)-hex (a) after evacuating C2H4 from 1 to 10-8 Torr, and 
(b) after subsequently refilling C2H4 to 10-6 Torr. The hexagonal reconstruction is roughly 
maintained upon evacuation, but is lifted after refilling C2H4 to 10-6 Torr. 

 
6.3.3 Low Pressures of C2H4 
In contrast to the observations under 1 Torr of C2H4 in Figure 6-2a, Figure 6-7a shows that, 
when exposing the clean Pt(100)-hex surface to 5 × 10-6 Torr of C2H4, all the bright stripes 
characteristic of the hexagonal reconstruction have disappeared. These stripes are replaced 
by a large amount of islands formed by the ~25% excess Pt atoms in the initial 
reconstructed surface, similar to the results in Figure 6-6b upon refilling C2H4 after 
evacuation to similar pressures. The line scan profile along the [011] direction in Figure 
6-7c reveals that the island heights are ~120 pm, which is smaller than a monatomic Pt step 
(~220 pm) because of the close distance of islands and the finite tip radius. These islands 
preferentially grow following the orientation of the original bright stripes. As shown in the 
histograms in Figure 6-7d,e, which represent measurements of over 200 islands, the islands 
are 2.3 nm long along the [0-11] direction and 1.4 nm wide along the [011] direction. 
Moreover, the island structure is stable for several hours after a subsequent dosage of C2H4 
to 1 Torr, as in Figure 6-7b. The hexagonal reconstruction does not re-appear with the 
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increase of the C2H4 pressure. 
 

 

Figure 6-7. (a) STM image of Pt(100)-hex taken at 5 × 10-6 Torr of C2H4. The hexagonal 
reconstruction is lifted and the excess Pt atoms grow islands along the [0-11] direction. (b) 
STM image of Pt(100)-hex after increasing C2H4 pressure to 1 Torr from (a). The surface 
structure does not change from that at the initial lower pressure. (c) Topographic profiles 
along the blue lines in (a) and (b). The average corrugation of islands is ~120 pm in both 
cases. (d, e) Histograms of island sizes along [0-11] and [011] directions, respectively. The 
islands are 2.3 nm in length and 1.4 nm in width on average. 

 
AP-XPS spectra provide more insight into the cause of the removal of the hexagonal 

reconstruction at low partial pressures of C2H4. Figure 6-8 displays Pt 4f, C 1s and O 1s 
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core level spectra acquired in UHV, at 5 × 10-6 Torr, after further increasing the C2H4 
pressure to 1 Torr from 5 × 10-6 Torr, and after evacuation to 10-9 Torr. At 5 × 10-6 Torr of 
C2H4, the main C 1s peak is located at 283.7 eV for ethylene-related adsorbate species 
bonded to the Pt(100) surface.48 Importantly, another feature at 286 eV is observed, which 
is characteristic of CO chemisorbed on Pt(100).47 The CO peak assignment is rationalized 
by the presence of two O 1s peaks at 532.5 and 531.4 eV, which are assigned to CO on top 
and bridge sites, respectively.36,49 
 

 

Figure 6-8. Evolution of Pt 4f (left), C 1s (center) and O 1s (right) XPS spectra with 
changes in C2H4 pressures. The spectra were taken under (a) UHV, (b) at 5 × 10-6 Torr of 
C2H4, (c) at 1 Torr of C2H4 increased from 5 × 10-6 Torr, and (d) after evacuation. All the 
spectra are normalized with respect to the intensity of Pt 4f peaks acquired under the same 
conditions, after a Shirley-type background subtraction. The adsorption of C2H4 also gives 
rise to the shoulder at 71.6 eV in the Pt 4f spectra. Changes in energy and intensity of the 
ethylene-related peaks with pressure are observed. The O 1s peaks clearly illustrates that 
CO incorporates onto the surface at low C2H4 pressures and stays on Pt(100) with the 
further introduction of C2H4. 

 
The presence of chemisorbed CO, along with the fact that the islands in Figure 6-7a look 

similar to pure CO-induced islands on Pt(100) under STM,10,11 strongly suggests that CO 
plays an important role in lifting the hexagonal reconstruction. The CO originates from 
background gases in the chamber and increases owing to displacement from the chamber 
walls by new gas species. At 1 Torr of C2H4, the saturation of ethylidyne leaves almost no 
vacancy on the Pt(100) surface for CO to adsorb. In addition, the short mean free path of 
residual background CO molecules at 1 Torr significantly decreases the probability for CO 
to reach the Pt surface. As a result, the hexagonal reconstruction remains under 1 Torr of 
C2H4. On the other hand, at 5 × 10-6 Torr of C2H4, the background CO can reach the surface 
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because of a longer mean free path, and adsorb owing to its strong chemisorption energy, 
producing a CO coverage of ~0.13 ML in our experiments. 

When the C2H4 pressure is increased from 5 × 10-6 to 1 Torr, the CO and the gas-phase 
C2H4 C 1s peaks overlap. However, the O 1s peaks are still visible in the spectra. The 
bridge-CO peak becomes more intense than the top-CO peak, but the total CO coverage 
remains at ~0.13 ML. The shift of the surface ethylene peak to 284.0 eV suggests a change 
in the adsorbates on the surface, which causes some top-CO to diffuse to bridge sites. CO 
also lowers the amount of ethylene on the Pt(100) surface with (1 × 1) islands to be ~40% 
lower than that on the hexagonally reconstructed Pt(100) surface, as calculated from the 
areas of relevant C 1s and Pt 4f peaks. After C2H4 evacuation, the ethylene-related 
adsorbate peak shifts down to 283.9 eV in the C 1s spectra, and the CO peak, previously 
buried under the C2H4 gas peak, becomes visible again. The top-CO and bridge-CO now 
have similar intensity, accompanied with an increase of the CO coverage to ~0.17 ML. 
 

 

Figure 6-9. C 1s spectra of Pt(100) after evacuation from 1 Torr of C2H4 (increased from 5 
× 10-6 Torr). The black spectrum was acquired immediately after evacuation, and the red 
one was recorded after heating to 500 K and then cooling to 298 K. Most of CO desorbs 
from Pt(100) upon heating to 500 K. 

 
Heating the Pt(100) surface to 500 K after evacuation leads to partial desorption of CO. 

As in Figure 6-9, the black spectrum, which is identical to the C 1s spectrum in Figure 6-8d, 
shows a small peak at 286 eV next to the main peak at 283.9 eV. This small peak stems 
from chemisorbed CO as described previously. The red spectrum, recorded after heating 
the Pt(100) crystal to 500 K and cooling down to 298 K, displays a less prominent CO 
feature at 286 eV, implying that some CO desorbs from Pt(100) at 500 K, consistent with 
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temperature-programmed desorption results in literature.9 The position and the intensity of 
the ethylene-related adsorbate peaks do not change during the heating-cooling process. 
 
6.3.4 Mixture of C2H4 with H2 and CO 
The mobility of surface species on Pt(100)-hex was then investigated under a C2H4-H2 
mixture by sequentially introducing 500 mTorr of C2H4 and 500 mTorr of H2 into the 
HP-STM cell. Figure 6-10a,b display two STM images acquired with different scan rates. 
At the lower rate (60 nm/s) in Figure 6-10a, no surface features can be discerned, because 
the adsorbates move faster than the tip on Pt(100). This phenomenon accords with our past 
reports on the Pt(111) surface.35-37 When scanning at a higher rate (150 nm/s), surface 
structures can be resolved, because the reorganization processes of surface species now 
cannot be completed during the short interaction time with the tip. Bright stripes are 
observed in Figure 6-10b, which indicates that the hexagonal reconstruction is roughly 
maintained. The topography profile of the blue line vertical to the stripes shows that the 
average periodicity between the stripes remains at 1.4 nm, as in Figure 6-10c. Some bright 
spots with ~600 pm in diameter and ~50 pm in height appear on the stripes, as shown by the 
topography of the black line in Figure 6-10c. 

Figure 6-10d,e show that, after adding 3 mTorr of CO into the C2H4-H2 mixture, the 
surface mobility is immediately quenched, because structures can be resolved at the scan 
rate of both 60 nm/s and 150 nm/s. In addition, the hexagonal reconstruction is lifted, and 
the excess Pt atoms in the initial hexagonal layer form ~2 nm wide islands across the 
Pt(100) surface, as displayed in the topography profile in Figure 6-10f. Changes in mobility, 
activity, and structures are due to the adsorption of CO, as verified by AP-XPS. H2 was not 
used in the AP-XPS experiments since turbo pumps in the differential pumping system do 
not pump H2 efficiently, which strongly attenuates the XPS signal. Figure 6-11a,b shows 
that CO is initially absent at the Pt(100) surface in UHV and under 900 mTorr of C2H4. Two 
O 1s peaks, evidencing the CO chemisorption on Pt(100), grow after decreasing the C2H4 
pressure to 500 mTorr and subsequently dosing 10 mTorr of CO, as in Figure 6-11c. More 
than 90% of the ethylene-related adsorbates remain on the Pt(100) surface after CO 
incorporation, in agreement with results on other Pt surfaces,50-52 since the area of C 1s 
peak at ~284 eV decreases by less than 10%. Ethylidyne and di-σ-bonded ethylene may 
convert to vinylidene, since the island structure on Pt(100) does not have three-fold sites.23 

Under 900 mTorr of C2H4, a total amount of ~0.83 ML C2H4 is present at the Pt(100) 
surface. After evacuating C2H4 to 500 mTorr and introducing 10 mTorr of CO, the C2H4 
coverage decreases to ~0.78 ML and ~0.30 ML CO chemisorbs onto Pt(100). The amount 
of adsorbed CO is much more than that of desorbed C2H4, because the CO-induced island 
formation opens more adsorption sites on the surface. Accordingly, the Pt(100) surface can 
accommodate more adsorbates in the co-adsorption of C2H4 and CO. 
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Figure 6-10. Top: STM images of Pt(100)-hex under the mixture of 500 mTorr of C2H4 and 
500 mTorr of H2 at a scan speed of (a) 60 nm/s and (b) 150 nm/s. No clear structures can be 
seen in (a) owing to rapid motion of surface atoms and molecules whereas at the higher 
scan rate in (b), surface structures are resolved. The topography profiles of the blue and 
the black lines in (b) are shown in (c). Bottom: STM images of Pt(100) recorded after 
addition of 3 mTorr of CO into the mixture of 500 mTorr of C2H4 and 500 mTorr of H2, at 
the scan rate of (d) 60 nm/s and (e) 150 nm/s. CO quenches the adsorbate mobility and lifts 
the reconstruction, producing Pt islands of around 2 nm in lateral size. (f) Line profile of 
the blue line in (e). 

 
Additional to changes in coverage, the position of C 1s peaks has also shifted after 

introducing CO. Two peaks can be observed at 900 mTorr of C2H4, one at 286.9 eV from 
the gas-phase C2H4 and the other at 284.2 eV from ethylene-related adsorbates, mainly 
ethylidyne and di-σ-bonded ethylene. With the introduction of CO, the ethylene-related 
adsorbate peak shifts down towards 284.0 eV, suggesting changes in the chemical state of 
the ethylene-related adsorbate, most likely into vinylidene. The C 1s peak of chemisorbed 
CO is buried under the gas-phase C2H4 peak, which shifts downwards to 286.5 eV since 
CO adsorption changes the sample work function. 
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Figure 6-11. Normalized (left) C 1s and (right) O 1s core level spectra of the Pt(100) 
surface recorded (a) in UHV, (b) under 900 mTorr of C2H4, and (c) after decreasing the 
C2H4 pressure to 500 mTorr and adding 10 mTorr of CO. A Shirley-type background was 
subtracted from the spectra before normalization to the Pt 4f peak intensities obtained 
under the same gas environments. CO chemisorbs onto the Pt(100) surface and forms a 
mixture with ethylene-related adsorbates. 95% of the ethylene-related adsorbates estimated 
according to the peak area remain on Pt(100) upon the addition of CO. 

 
 

 
Figure 6-12. Conversion of ethylene to ethane on the Pt(100) surface in a 1:1 ethylene 
hydrogenation reaction mixture as a function of time. The Pt(100) catalyst is active without 
CO (blue squares) but inactive with CO (red circles). 

 
In order to comprehend the correlation between mobility and activity on the Pt(100) 

surface, catalytic studies were performed in a batch reactor that is equipped with a boron 
nitride heater and a re-circulation pump for gas mixing. Because the base pressure of the 
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reactor is ~10-7 Torr and the pressure gauge in the reactor reads only down to 0.1 Torr, the 
reactions were carried out at a higher total pressure of gas mixtures but under a similar 
pressure ratio to the ratio in Figure 6-10. The reactor was initially filled with 10 Torr of 
C2H4, 10 Torr of H2, and 740 Torr of He at 298 K. As shown in Figure 6-12, the ethylene 
conversion slowly increases with reaction time in the time scale of HP-STM and AP-XPS 
experiments, which indicates a catalytically active Pt(100) surface. In contrast, under the 
mixture of 10 Torr of C2H4, 10 Torr of H2, 0.1 Torr of CO, and 740 Torr of He, when the 
surface mobility is quenched by CO, no conversion is detected at 298 K. Accordingly, the 
chemisorption of CO is not only quenches the diffusion of ethylene-related adsorbates, but 
also renders the Pt(100) surface inactive in ethylene hydrogenation. 
 
6.4 Conclusions 
In summary, using HP-STM and AP-XPS, the interaction between the Pt(100)-hex surface 
and C2H4 and its mixture with H2 and CO was studied at pressures up to 1 Torr at 298 K. 
Under 1 Torr of C2H4, the Pt(100)-hex surface retains the hexagonal reconstruction while 
being covered with a mobile layer of di-σ-bonded ethylene and ethylidyne, which occupy 
the three-fold hollow sites on the hexagonally reconstructed Pt(100) surface. The 
saturation of ethylene-related adsorbates prevents the adsorption of background CO, which 
has also a lower incidence rate on the surface owing to the shorter mean free path at 1 Torr. 
At 5 × 10-6 Torr of C2H4, however, background CO molecules are able to co-adsorb on 
Pt(100). The reconstruction is therefore lifted, with 2~3 nm islands forming across the 
surface. Further increasing the C2H4 pressure from 5 × 10-6 to 1 Torr does not re-establish 
the hexagonal reconstruction owing to the presence of CO. 

Except for adsorbates, Pt atoms in the hexagonally reconstructed layer on Pt(100) are 
also mobile under the influence of the tip under 1 Torr of C2H4. Scanning perpendicular to 
the stripes induces lateral movement of Pt atoms and a displacement of the corrugation 
maximum of the stripes along the scanning direction. The displacement stems from the 
weakened interaction of surface Pt atoms to bulk Pt, because of the bonding of the topmost 
Pt layer to adsorbates. Under 1 Torr of 1:1 C2H4-H2 mixture, the adsorbates move fast 
enough such that no features can be discerned at 60 nm/s, whereas short bright stripes are 
resolved at a higher scan rate (150 nm/s). Adding 3 mTorr of CO into the C2H4-H2 mixture 
suppresses the adsorbate mobility and lifts the reconstruction on Pt(100). Reaction studies 
have revealed that the mobile surface without CO is active, whereas the immobile surface 
upon CO addition is deactivated in ethylene hydrogenation. 
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Chapter 7  

Reconstruction of the Cu(557) Surface under High Pressures of 

Gases and Gas Mixtures 

 
Abstract 
This chapter investigates surface restructuring processes on Cu(557) induced by CO, H2, 
C2H4, and O2. The phenomena are compared with those observed on Pt(557) under similar 
conditions. Meandering steps are observed at 100 mTorr of CO, along with the doubling 
transition of terrace sizes. Increasing the CO pressure to 1 Torr substantially promotes Cu 
diffusion on Cu(557), giving rise to 23 nm wide terraces on average. Cu clusters are not 
formed until the CO pressure is enhanced to 12 Torr. The at least one order of magnitude 
higher pressure of CO required to create clusters on Cu(557) than on Pt(557) is due to the 
lower heat of adsorption of CO on Cu(557). Therefore the CO coverage on Cu(557) at 1 
Torr is not sufficient to stabilize the low-coordinated Cu atoms at kink sites. Cu terraces 
become ~10 nm wide after evacuating from 1 to 10-8 Torr, suggesting a partially reversible 
process. H2 causes step coalescence on Cu(557), yielding 5 nm wide terraces at 500 mTorr. 
The structure of the Cu(557) is dominated by CO after further introducing 500 mTorr of 
CO. Several clusters are observed under 500 mTorr of C2H4, whereas subsequent addition 
of 500 mTorr of CO does not alter the structure on Cu(557). At 1 Torr of O2, thick layers of 
Cu oxide are formed, which are hard to observe because of the poor conductivity. 
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7.1 Introduction 
In the previous four chapters, the surface restructuring processes on flat Pt(100)-hex as 
well as stepped Pt(557) and Pt(332) surfaces were investigated under a variety of reactive 
gases. At pressures in the Torr range, the Pt surface structure is typically distinct from the 
structure observed below 10-6 Torr. In addition, low-coordinated step sites can undergo 
extraordinary structural evolution that does not occur on terrace sites. In order to shed more 
light on unraveling the correlation between the catalyst surface structure under reaction 
conditions and the catalytic performances, these studies need to be extended to other 
transition metal surfaces and even bimetallic surfaces. Ni and Pd are potential candidates 
because of their similar valence electron configuration to Pt, since the three elements are 
all in the 10th group in the periodic table. However, Ni readily reacts with CO to yield 
Ni(CO)4 that could potentially damage the vacuum, by virtue of the high vapor pressure of 
Ni(CO)4 at 298 K. On the other hand, Pd is not proper because Pd readily reacts with H2 
existing in the vacuum background and in other gases as impurities. Although palladium 
hydride is unlikely to form at such low H2 partial pressures, surface palladium hydride has 
been observed on a few Pd crystal surfaces.1-3 The existence of surface palladium hydride 
can bring extra uncertainties difficult to rule out in explaining the experimental results. 

Cu has become an appropriate substrate for in situ structural studies, so as to directly 
compare the surface restructuring processes on two metals showing distinct activity, since 
the filled d-band renders Cu less active than Pt. Investigation of surface reconstruction on 
Cu surfaces, which is anticipated to differ from restructuring on Pt, can provide insight into 
comprehending the difference in activity. The adsorption structure as well as dynamics of 
CO on Cu(111) and its vicinal surfaces has been systematically investigated for several 
decades.4-10 Consensus has been reached that CO chemisorbs on top of Cu atoms on 
Cu(111) at 0.33 ML, forming a (√3 × √3)R30˚ adsorbate layer observed by both LEED and 
STM.5-7 With the increase of CO coverage at 95 K, the CO layer passes an intermediate 
stage at 0.44 ML that shows a (1.5 × 1.5)R18˚ structure, before ultimately reaching a (1.39 
× 1.39) structure at 0.52 ML.6 The precise adsorption model of the (1.39 × 1.39) structure 
is uncertain, because the top-to-bridge ratio of adsorbed CO molecules varies with the 
temperature at which CO is dosed. Bartels et al. have revealed a (4 × 4) super unit cell of 
the adlayer with 1:1 top-to-bridge CO ratio at saturation.7 On the Cu(211) surface with 
(111) terraces and (100) steps, CO exclusively occupies the top sites on both terraces and 
steps at coverages up to 0.50 ML between 30 and 80 K.9 However, at 0.67 ML, the 
saturated coverage on Cu(211), whether CO molecules form a top-bridge or a top-top 
arrangement is still open to discussion.11At such low temperatures, the Cu(211) surface 
does not reconstruct with the adsorption of CO.12 

The oxidation of Cu single crystals by O2 has also been under intensive studies.13-17 
When the Cu(111) surface is exposed to 10-7 Torr of O2 at 298 K, step edges are firstly 
decorated with a rim of step oxide identified as Cu2O according to atomically resolved 
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STM images.13,16 Lower terraces at step edges are the nucleation sites for Cu2O. Step oxide 
subsequently grows onto the flat upper terraces, leading to the formation of Cu2O(111). 
Lawton et al. has illustrated that the initial oxidation of vicinal Cu(111) surfaces only relies 
on the step density but not the step orientation.18 Provided the existence of defect sites on 
the Cu(111) terrace, Cu2O can also directly form on terraces. The boundary between 
Cu2O(111) and Cu(111) runs along the close-packed directions. In addition, the remaining 
Cu(111) terraces are all separated by (100) steps, even though some Cu steps were 
originally oriented along the (111) direction. 

In this chapter, the structure of the Cu(557) surface was monitored under some gases and 
gas mixtures. CO could lead to the formation of 23 nm wide terraces at 1 Torr and the 
appearance of clusters at 12 Torr. Cu terraces become narrower upon CO evacuation from 1 
to 10-8 Torr, although still wider than the clean Cu(557) surface in UHV. H2 results in the 
formation of large terraces, but the terraces are only 5 nm wide under 500 mTorr of H2, 
narrower than terraces under similar pressures of CO. Addition of 500 mTorr of CO when 
keeping the H2 partial pressure at 500 mTorr causes the terraces to grow into 20 nm in size. 
500 mTorr of C2H4 can induce the formation of Cu clusters, which do not change with the 
subsequent introduction 500 mTorr of CO. 1 Torr of O2 strongly oxidizes the Cu(557) 
surface, forming thick Cu oxide layers that are difficult to observe under STM because of 
the low conductivity. Some Cu oxide islands can be seen after the evacuation of O2.  
 
7.2 Experimental Section 
STM experiments were performed in the home-built HP-STM instrument as in earlier 
chapters.19 The Cu(557) crystal was cleaned through repeated cycles of 800-eV Ar+ 
bombardment at 3 × 10-5 Torr and annealing in vacuum at 873 K. After the last annealing, 
the crystal was cooled down to 298 K at a cooling rate of 1 K/sec. The absence of any 
impurities at surface before HP-STM measurements were examined by AES. All STM 
images were recorded at 298 K. 
 
7.3 Results and Discussion 
7.3.1 Clean Cu(557) 
The STM images of the clean Cu(557) surface are displayed in Figure 7-1. Since copper is 
also in the fcc crystal structure, the model of Cu(557) is exactly the same as the model of 
Pt(557) in Figure 3-1a. Based on the copper atomic radius of 128 pm,20 the average terrace 
width of the Cu(557) surface is calculated to be 1.4 nm. Figure 7-1a shows that the Cu steps 
are mostly straight in UHV except a few meandering steps in the bottom left corner. The 
average terrace width is 1.4 nm by measuring the distances between 20 steps, consistent 
with the calculated value. However, after zooming in as in Figure 7-1b, the STM image 
becomes more blurred with respect to the image of clean Pt(557) in Figure 3-1b. Cu 
terraces appear wider in the top part of Figure 7-1b because of high thermal drift at the 
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beginning of scans. Cu steps in the higher magnified STM image are frizzy for the sake of 
kink diffusion along the steps.21 Cu atoms are highly mobile along the step direction since 
the diffusion barrier of Cu atoms along (100) steps on Cu(111) terraces is as low as 0.30 
eV,22 much smaller than 0.84 eV for Pt atoms to move along (100) steps on Pt(111) 
terraces.23,24 Consequently, STM images of the clean (557) surface are blurred, because the 
movement of Cu atoms can be in a similar time scale as the tip scans. 
 

 

Figure 7-1. (a) Low and (b) high magnification STM images of the Cu(557) surface in 
UHV at a base pressure of 10-10 Torr. The steps are blurred owing to the high mobility of 
Cu atoms along the step direction at 298 K. (a) Vs = +1.5 V, It = 0.5 nA; (b) Vs = +50 mV, 
It = 1.0 nA. 

 
7.3.2 CO on Cu(557) 
The surface reconstruction on Cu(557) was firstly studied under CO, in order to compare 
with the dramatic formation of triangular clusters on Pt(557) at 1 Torr of CO.25 Figure 7-2a 
shows that step meandering, along with several ~1 nm large islands, is observed under 100 
mTorr of CO. In addition, the average terrace width has increased to 2.7 nm, evidencing a 
doubling transition of terrace widths and step heights. When the CO pressure is enhanced 
to 1 Torr, large Cu terraces with average widths of 23 nm have formed as a result of step 
coalescence, as in Figure 7-2b. Detailed surface structure is not resolvable on account of 
the high mobility of CO molecules on Cu surfaces even down to 40 K.7 CO induces 
disparate surface reconstruction on Cu(557) and Pt(557) under the same pressure, which is 
mainly due to the different atomic mobility of Cu and Pt. Since the barrier for adatom 
diffusion on (111) terraces, the barrier for atom detaching from (100) steps, and the 
Ehrlich-Schwoebel barrier are all lower on Cu than on Pt,22,24 Cu atoms can promptly move 
in a long distance on the Cu(557) surface to form large terraces with the adsorption of CO. 
In contrast, Pt atoms only move locally even at the stimulation of strong CO−CO repulsion, 
giving rise to kink sites and small clusters,. 
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Figure 7-2. STM images of Cu(557) under (a) 100 mTorr, (b) 1 Torr, and (c) 12 Torr of 
CO. Cu steps become meandering upon introducing 100 mTorr of CO, and terrace widths 
as well as step heights are doubled. Under 1 Torr of CO, Cu terraces grow to 23 nm in 
width on average, but no clusters are observed. Cu clusters are formed when increasing 
the CO pressure to 12 Torr. (d) Line profile of the blue line in (c) showing that the 
clusters are 5 nm large. (a) Vs = -0.2 V, It = 0.1 nA; (b) Vs = +50 mV, It = 0.2 nA; (c) Vs = 
+0.1 V, It = 1.0 nA. 

 
Furthermore, the lower CO coverage on Cu(557) than on Pt(557), resulted from the 

substantially lower CO heat of adsorption on Cu(557), can also account for the absence of 
Cu clusters under 1 Torr of CO, since the great number of kink sites at cluster edges need 
to be stabilized by sufficient adsorbate molecules. Although heat of adsorption has mainly 
been measured on (111) surfaces in literature, the values are important references for 
studies on (557) surfaces. On Cu(111), the CO heat of adsorption is 50 kJ/mol at 0 ML and 
38 kJ/mol at 0.33 ML.4 On Pt(111), the CO heat of adsorption is 180 kJ/mol at 0 ML, which 
decreases to 160 kJ/mol at 0.33 ML and 120 kJ/mol at 0.50 ML.26 Moreover, CO 
completely desorbs on Cu(111) at 190 K in vacuum,8 whereas the complete desorption of 
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CO on Pt(111) requires 560 K.27 The substantially weaker adsorption of CO on Cu(111) 
suggests that the CO coverage on Cu(557) is lower than on Pt(557) at the same CO 
pressure. The amount of CO molecules on the Cu(557) surface at 1 Torr may thus not be 
large enough to stabilize clusters by bonding with Cu atoms at cluster edges, because 
numerous low-coordinated kink sites at cluster edges are energetically unfavorable without 
adsorbates. Ultimately, large Cu terraces are more stable owing to the small concentration 
of kink sites, which hence appear under 1 Torr of CO. 

When higher pressures of CO that guarantees a higher CO coverage is introduced, the 
clusters indeed appear on Cu(557). Figure 7-2c shows some clusters are formed on Cu(557) 
under 12 Torr of CO, although the image quality is poor. Since the CO coverage on Cu(557) 
under 12 Torr is undoubtedly higher than the coverage under 1 Torr, Cu clusters can be 
stabilized by occupation of CO molecules at cluster edges. A line profile over several 
clusters in Figure 7-2d shows that the average cluster size is 5 nm. The low quality of the 
STM image is due to the quick attachment and detachment of CO molecules at the tip 
surface, in the sense that the Pt0.8Ir0.2 tip interacts with CO more strongly than the Cu(557) 
substrate. In addition, the highly mobile Cu atoms and CO molecules also render it difficult 
to image the Cu(557) surface structure at high CO pressures. 

Figure 7-3 shows that, after evacuating CO from 1 to 10-8 Torr, terraces are still wide on 
Cu(557). Nevertheless, the average terrace size substantially decreases from 23 to 12 nm, 
suggesting that surface reconstruction on Cu(557) induced by CO is partially reversible. 
Evacuating CO from 12 to 10-8 Torr leads to similar phenomenon, though the STM image 
is not shown here owing to low image quality. The reversibility of the restructuring process 
on Cu(557) is similar to the observation on Pt(557), which could be due to the desorption 
of CO along with gas evacuation. 
 

 

Figure 7-3. STM image of Cu(557) after evacuating CO from 1 to 10-8 Torr. The average 
width of Cu terraces decreases to 12 nm, suggesting a partially reversible restructuring 
process induced by CO. Vs = +0.1 V, It = 0.5 nA. 
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7.3.3 H2 on Cu(557) and the Co-Adsorption with CO 
The surface structure of Cu(557) under H2 has also attracted considerable interest, since H2 
is the important product in the water-gas shift reaction in which Cu is a common catalyst. 
On Cu(110), H2 results in the (1 × 2) missing row reconstruction at pressures greater than 2 
mbar.28 Here the effect of H2 on the stepped Cu(557) surface structure was investigated. 
Figure 7-4a shows that step coalescence has occurred on part of the surface under 100 
mTorr of H2, forming several 5 nm wide terraces. The adsorption of hydrogen atoms 
motivates Cu atoms to diffuse along the steps. On the rest of the surface, the terrace width 
remains at 1.4 nm as the width on clean Cu(557). Since the same pressure of H2 does not 
induce any reconstruction on Pt(557) as discussed in Chapter 4, the fact that Cu atoms are 
more mobile than Pt atoms can again account for the formation of large terraces. Upon 
increasing the H2 pressure to 500 mTorr, almost all the 1.4 nm wide terraces grow into 
bigger terraces that are 6 nm wide on average, as in Figure 7-4b. 
 

 

Figure 7-4. STM image of Cu(557) under (a) 100 mTorr and (b) 500 mTorr of H2. 
Several terraces of 5 nm in width are observed under 100 mTorr of H2. Step coalescence 
is observed on most of the Cu(557) surface with the increase of H2 pressure to 500 mTorr. 
(a) Vs = -0.2 V, It = 0.2 nA; (b) Vs = +1.0 V, It = 0.5 nA. 

 
500 mTorr of CO was subsequently dosed into the HP-STM cell while keeping the H2 

partial pressure at 500 mTorr. Figure 7-5 displays that Cu terraces become even wider with 
the addition of CO. The average width increases to 14 nm by measuring the distances 
between 10 steps in a (20 × 20) nm2 STM image. CO appears to dominate the Cu(557) 
surface structure when co-adsorbing with H2 at the same partial pressure ratio. Since the H2 
heat of adsorption on Cu(111) is 42 kJ/mol,29 lower than the CO heat of adsorption, CO is 
capable of displacing some chemisorbed hydrogen atoms, giving rise to broader terraces. 
However, hydrogen atoms are still present on Cu(557), because H2 does not completely 
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desorb from Cu(111) until 370 K and in the sense that hydrogen atoms can migrate into 
subsurface Cu sites.30,31 Since the existence of hydrogen atoms can alter the adsorbate 
interaction, the strength of chemisorption, and Cu mobility, Cu terraces do not grow as 
wide as under pure CO. Similar to the images acquired under pure CO in Figure 7-2, the 
STM image also becomes frizzy upon the dosage of CO. 
 

 

Figure 7-5. STM image of Cu(557) under 500 mTorr of H2 and 500 mTorr of CO. CO 
was introduced after H2. Terraces wider than 20 nm as a result of CO adsorption are 
observed, and the average terrace width increases to 14 nm. CO dominates the Cu(557) 
substrate structure over H2. Vs = +0.2 V, It = 1.0 nA. 

 
 

 

Figure 7-6. STM image of Cu(557) (a) under 500 mTorr of C2H4 and (b) after further 
adding 500 mTorr of CO. Bright Cu clusters can be observed under both cases although 
with poor resolution owing to high surface mobility. Vs = +0.2 V, It = 1.0 nA. 
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7.3.4 C2H4 on Cu(557) and the Co-Adsorption with CO 
The structure of the Cu(557) surface in response to organic molecules such as C2H4 was 
also investigated. Figure 7-6a shows that, under 500 mTorr of C2H4, the STM image of 
Cu(557) is blurred, and a few round clusters of 5 nm in diameter are observed. Both 
experimental data and theoretical calculations illustrate that C2H4 binds to the Cu(111) 
terrace via π-adsorption, with the C−C bond lying parallel to the surface.32-34 Since C2H4 
weakly adsorbs on Cu(111) terraces as suggested by the desorption maximum at 120 K,35 
the chemisorbed C2H4 molecules may readily move with tip scans, leading to blurred STM 
images. The subsequent introduction of 500 mTorr of CO does not significantly alter the 
surface structure, as shown in Figure 7-6b. Surface mobility remains high and round 
clusters are still present. Terraces wider than 10 nm are absent, indicating that the 
incorporation of CO cannot fully remove the chemisorbed C2H4 molecules on Cu(557), 
even though C2H4 adsorption is significantly weaker. 
 
7.3.5 O2 on Cu(557) 
Because O2 can readily induce the formation of Cu2O at step edges on Cu(111) vicinal 
surfaces, the oxidation of Cu(557) by high pressures of O2 was studied. Figure 7-7a shows 
that no features can be clearly resolved under 1 Torr of O2. Unlike the cases in previous 
chapters and in earlier sections where the inability to resolve the surface structure is due to 
the high surface mobility, here the low conductivity of the oxidized Cu(557) surface is the 
major cause of the featureless STM image. Bulk Cu2O is a p-type semiconductor with a 
direct band gap of 2.2 eV.36 Although monatomic Cu2O layers can indeed be imaged at 
+0.2 V sample bias,18 electronic conductivity substantially decreases as Cu2O layers grow 
thicker. Even though further oxidation of Cu2O into CuO may happen at 1 Torr of O2, CuO 
is also a semiconductor with an indirect band gap of 1.2 eV.37 The chemical composition of 
Cu oxide on Cu(557) needs to be investigated using spectroscopy techniques. Electrons 
hence cannot tunnel into the Cu(557) surface at +0.2 V sample bias. However, the structure 
of oxidized Cu(557) surface cannot be resolved under 1 Torr of O2 even if the sample bias 
is enhanced to +3.0 eV, implying that the Cu oxide formed on Cu(557) is too thick for 
tunneling electrons to penetrate. 

After O2 is evacuated to 10-8 Torr, the oxidized Cu(557) surface can be roughly imaged 
by STM, as shown in Figure 7-7b. A great number of 5 nm wide islands are roughly aligned 
along the original step directions, and the terraces have appeared wider. Detailed structure 
of the oxidized Cu(557) surface is still hard to resolve regardless of the sample bias and the 
tunneling current. Cu2O may be partially reduced by H2 and CO in the background gases, 
leading to a thinner oxide layer that can be seen under STM. Studying the Cu(557) surface 
structure under CO-O2 mixture or the H2-O2 mixture was also attempted, but featureless 
images were obtained under both gas conditions. 
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Figure 7-7. STM image of Cu(557) (a) under 1 Torr of O2 and (b) after evacuating O2 to 
10-8 Torr. No features are resolved under 1 Torr of O2 because O2 can oxidize Cu, forming 
thick Cu2O that is poorly conductive. Some clusters over 5 nm large can be roughly 
resolved upon evacuating the gas-phase O2. Vs = +0.2 V, It = 1.0 nA. 

 
7.4 Conclusions 
In summary, the surface structure of Cu(557) was investigated under a variety of reactant 
gases such as CO, H2, C2H4, and O2, and the relevant gas mixtures. Meandering Cu steps 
appear under 100 mTorr of CO, with the doubling transition of terrace sizes. CO induces 
large terraces as wide as 23 nm on Cu(557) at 1 Torr, whereas the formation of Cu clusters 
requires higher CO pressure at 12 Torr. Detailed adsorbate structure on large terraces is not 
resolved because of the high surface mobility. Cu terraces become narrower upon CO 
evacuation but still wider than the terraces in UHV, implying the partial reversibility of the 
reconstruction induced by CO. H2 causes step coalescence on Cu(557) as well, forming 5 
nm wide terraces at 500 mTorr. C2H4 results in small clusters along with the slightly wider 
Cu terraces. Further introduction of 500 mTorr of CO into C2H4 does not change the 
Cu(557) surface structure, whereas CO dominates the surface structure while co-adsorbing 
with H2. 1 Torr of O2 strongly oxidizes Cu(557), leading to the formation of thick Cu oxide 
layers hardly discernible under STM owing to the low conductivity. Cu oxide islands can 
be roughly observed after evacuating O2. 
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Chapter 8  

Evolution of Surface Chemistry of Platinum-Based Bimetallic 

Nanoparticles Driven by Changes in Gas Conditions 

(This chapter covers similar materials as Wang, H.; Krier, J. M.; Zhu, Z. et al. ACS Catal. 
2013, 3, 2371-2375 – reproduced with permission, copyright 2013 American Chemical 
Society; and Chen, C.; Huo, Z.; Zhu, Z. et al. in preparation.) 
 
Abstract 
This chapter concentrates on investigating the surface chemistry of Pt-based bimetallic 
nanoparticle catalysts under high pressures of gases and gas mixtures using AP-XPS. In 2 
nm PtFe nanoparticles, Fe atoms at ~0.7 nm IMFP can be partially reduced by the C2H4-H2 
mixture and oxidized by O2 at around 100 mTorr at 298 K. In contrast, the oxidation state 
of surface Pt atoms does not change with gas conditions. Pt9Co-Co core-shell nanoparticles 
are stable under H2 even when heated to 673 K, without the occurrence of any significant 
surface segregation or surface reduction. PtNi3 polyhedra and Pt3Ni frameworks, in which 
Ni is more enriched at the surface than in the bulk, can undergo reversible changes in 
surface composition while switching the gas environment between H2 and O2 at 100 mTorr 
at 393 K. Ni migrates to the surface in the presence of O2, whereas Pt segregates to surface 
in the existence of H2. 
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8.1 Introduction 
Bimetallic systems have attracted considerable attention thanks to their superior catalytic 
properties to monometallic counterparts.1-10 Addition of a second metal opens enormous 
possibilities to modify surface electronic structure and adsorption sites, which leads to 
rational design of novel catalysts exhibiting high activity, selectivity and stability.11-13 The 
bimetallic systems usually show enhanced activity and selectivity in catalytic applications 
comparing with the linear combination of pure metals, which is largely referred to as 
synergistic effect.14 One possible root of the synergistic effect is that preferential bonding 
of each metal to each reactant strongly promotes the turnover rate, if the reactions undergo 
through Langmuir-Hinshelwood mechanism, such as Rh splitting O2 and Pd appealing CO 
in CO oxidation on RhPd.15 Another explanation involves the modification of surface 
electronic structure, for example the decreased d-band center on Pt3Ni(111) resulted from a 
pure Pt skin layer along with a Ni-rich second layer underneath.3 This d-band downshift is 
also observed in alloys of Pt and other 3d transition metals,13 which is responsible for the 
enhancement of activity in oxygen reduction reaction in fuel cells. In addition, some new 
structure ensembles may form under reaction conditions, accelerating catalytic reactions. 
On the PtFe and PtNi systems, Fe and Ni form oxide under the reaction mixture. The 
ensemble of vacancy sites on the oxide and neighboring metal atoms leads to higher 
activity in CO oxidation than pure Pt.5,14 

Catalytic performances of bimetallic nanoparticles rely on a variety of factors such as 
size, morphology, and composition. For example, monodispersed Pt3Ni nanoctahedra 
exposing {111} facets are five times more active than Pt3Ni nanocubes terminated with 
{100} facets in oxygen reduction reaction.16,17 Such results of Pt3Ni nanocrystals accord 
with results of single crystal studies in which Pt3Ni(111) exhibits higher activity than 
Pt3Ni(100).3 On Rh1-xPdx nanoparticles, the turnover frequency under 100 Torr of O2 and 
40 Torr of CO displays a typical volcano curve at both 453 and 463 K.18 The activity first 
increases with the atomic fraction of Pd until the Pd fraction reaches 0.4, and subsequently 
declines with higher composition of Pd. Interactions between Rh and Pd atoms, along with 
the preferential bonding towards O2 and CO, are responsible for the synergistic behaviors. 
Similarly, the atomic ratio in Pt−Ni and Pt−Co catalysts affects not only the activity of 
ethylene glycol in the aqueous phase, but also the selectivity between H2 and alkanes.19 

The surface chemical potential of each metal typically differs from the bulk chemical 
potential, because the surface free energy term should be taken into account.1,20 As a result, 
most bimetallic systems exhibit a surface-to-bulk concentration gradient.21-23 In addition, 
during reactions, bimetallic nanoparticle surfaces may undergo restructuring processes, 
leading to changes in composition and chemical states.18,21-26 AP-XPS has long been a 
powerful technique to investigate surface segregation effect induced by chemical 
environment changes.27,28 Our group have revealed that Rh in the RhxPt1-x and RhxPd1-x 
nanoparticles tends to diffuse to the surface above 523 K under oxidizing conditions 
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whereas Pd and Pt prefer to occupy the surface under reducing environments.21,22 Similarly, 
while AuPd is used in CO oxidation, Pd segregation to surface is enhanced by increasing 
CO partial pressures. The Pd segregation is accompanied by oxidation or reduction of the 
metal components. Such versatility that the atomic ratio at surfaces may be subject to 
change during reactions poses great challenges to deeply understand reaction mechanisms 
and further optimize the catalysts. 

In this chapter, Pt-based bimetallic nanoparticles synthesized using colloidal methods 
were investigated by AP-XPS under real conditions. In 2 nm PtFe nanoparticles which are 
active in ethylene hydrogenation at 298 K, surface Fe atoms become more reduced under 
the reaction mixture and oxidized under pure O2. In contrast, the oxidation state of Pt does 
not vary with gas environments. Pt9Co-Co core-shell nanoparticles with a 1~3 nm thick Co 
shell are stable under H2 even at 673 K. Finally, as for the Pt−Ni system, the atomic fraction 
of Ni is higher at surface than in the bulk for as-synthesized PtNi3 polyhedra and Pt3Ni 
frameworks. At 373 K, Ni segregates to surface under O2 in both samples because Ni is 
more susceptible toward oxidation by O2, whereas H2 drives Pt to the surface since the 
surface energy of Pt is lower. 
 
8.2 Experimental Section 
PtFe nanoparticles were synthesized through reduction of Pt(acac)2 and Fe(acac)2 by 
polyvinylpyrrolidone (PVP) in ethylene glycol. A total of 0.1 mmol of Pt(acac)2 and 0.1 
mmol of Fe(acac)2 were dissolved into 5 mL of ethylene glycol together with 55 mg of PVP 
(Mw = 55,000). The solution was heated to 473 K in an oil bath for 5 min under Ar. After 
cooling the solution to 298 K, 45 mL of acetone were added into the reaction mixture to 
form a suspension. PtFe nanoparticles were separated by centrifugation and re-dispersed in 
10 mL of ethanol. The nanoparticles were further washed by cycles of precipitation with 
hexane, centrifugation, and re-dispersion in ethanol. Samples for AP-XPS measurements 
were prepared by depositing Langmuir-Blodgett (LB) films of nanoparticles onto Si wafer 
substrate. 

As for the preparation of Pt9Co-Co core-shell nanoparticles, 8 mg of Pt(acac)2 were 
dissolved into 9 mL of oleylamine in a three-necked flask, which was heated to 393 K 
under Ar flow. Co(acac)2 solution, prepared by dissolving 30 mg of Co(acac)2 into 1 mL of 
oleylamine in a glove box, was slowly added into the three-necked flask. The solution 
mixture was heated to 493 K at a rate of 5 K/min and kept at 493 K for 50 min. Pt9Co-Co 
core shell nanoparticles were separated from the solution by centrifugation after cooling to 
298 K and washed by cyclohexane. Samples for AP-XPS experiments were prepared via 
dropcasting monodispersed solution on Si wafers and washing by dimethylformamide 
(DMF), ethanol and cyclohexane for ten cycles to remove the oleylamine surfactant. 

In the preparation of Pt−Ni bimetallic catalysts, 20 mg of H2PtCl6•6H2O and 17.5 mg of 
Ni(NO3)2•6H2O were dissolved in 0.4 mL deionized water. The solution was added into 10 
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mL oleylamine in a three-necked flask and heated to 433 K for 2 min to remove water, 
before being further heated up to 543 K under Ar. 3 min after the solution turns black, the 
reaction mixture was rapidly cooled down to 298 K in a water bath in order to stop the 
reaction. The PtNi3 polyhedra were subsequently separated by centrifugation. As for the 
synthesis of Pt3Ni frameworks, 3 mg of PtNi3 polyhedra were re-dispersed in 5 mL of 
chloroform and 0.1 mL of oleylamine, which was later diluted with 10 mL of hexadecane. 
Pt3Ni frameworks were acquired by heating the solution to 398 K for 12 h in air and 
separated by centrifugation. Both PtNi3 and Pt3Ni samples for XPS measurements were 
prepared via dropcasting monodisopersed solution on Si wafers. Oleylamine was washed 
away with cycles of DMF, ethanol and cyclohexane. 

AP-XPS experiments were carried out on the Scienta 4000 HiPP workstation at 
Beamline 9.3.2 at ALS.29 H2 and O2 gas lines are separately connected to the XPS chamber 
through molecular leak valves. Samples were mounted on a 1 cm sample holder with a 
ceramic button heater and a type-K thermocouple underneath. Because the binding 
energies of Pt 4f, Fe 3p, Co 3p, and Ni 3p core levels are similar, the IMFPs of 
photoelectrons emitted from the four core levels are nearly the same, when using the same 
photon energies of incident X-ray. Pt 4f, Fe 3p, Co 3p, and Ni 3p core level spectra were 
acquired with incident energies of 370 eV, 490 eV and 750 eV to generate photoelectrons 
with IMFPs of ~0.7, ~0.9, and ~1.2 nm, respectively.30 All series of XPS spectra were 
quantitatively analyzed via peak deconvolution, preceded by subtracting the Shirley-type 
background.31 Atomic fractions at surfaces were estimated using relative sensitive factors 
of Pt, Fe, Co, and Ni at different X-ray energies. The binding energy was calibrated by Si 
2p peak at 99.3 eV and Fermi level at 0 eV recorded under the same conditions. 
 
8.3 Results and Discussion 
8.3.1 PtFe Nanoparticles 
Figure 8-1 shows the transmission electron microscopy (TEM) and high-resolution TEM 
images of as-synthesized PtFe nanoparticles. The average diameter of PtFe nanoparticles is 
measured as 2 nm from the size of over 200 particles. The d-spacing of 0.22 nm between 
{111} facets in the high-resolution TEM image suggests the fcc lattice of the particles. Pt 
and Fe atoms are randomly arranged in the nanoparticles, which indicates the disordered 
phase of PtFe nanoparticles. Although ordered intermetallic PtFe alloy could be obtained, 
high temperature annealing was demanded.7,32  

The composition and oxidation states at different depths on the as-synthesized 2 nm 
PtFe nanoparticle surface can be explored by tuning the incident energy of X-ray beams, 
because the IMFPs of electrons in metal vary with the kinetic energy that linearly increases 
with incident energy. Deconvolution of Pt 4f and Fe 3p spectra provides the oxidation state 
distribution of the two elements. Figure 8-2a shows that Fe atoms at the particle surface are 
more oxidized than in the bulk. At ~0.7 nm IMFP, ~38% of Fe is in metallic state, ~32% in 
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Fe2+, and ~30% in Fe3+. When the IMFP increases to ~0.9 and ~1.2 nm, the percentage of 
metallic Fe in total Fe rises to ~43% and ~50%, respectively, at the expense of Fe3+ that 
decreases to ~24% and ~15%. The percentage of Fe2+, which is generally considered as 
reduced species, slightly increases to ~33% and ~35%. In contrast, the oxidation of Pt does 
not change with IMFP, with ~10% of the total Pt staying at Pt2+ at all IMFPs, as shown in 
Figure 8-2b. 
 

 

Figure 8-1. (a) TEM and (b) High-resolution TEM images of 2 nm PtFe nanoparticles. 
The as-synthesized particles are in the fcc crystal structure. 

 
 

 
Figure 8-2. Oxidation state distributions of (a) Fe and (b) Pt in 2 nm PtFe nanoparticles 
as a function of photoelectron IMFPs. The percentage of Fe3+ in total Fe significantly 
decreases with IMFPs, whereas the percentage of metallic Fe increases in the meantime, 
indicating that surface Fe atoms are more oxidized than bulk Fe atoms. The oxidation 
state of Pt does not vary with IMFPs. 
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Figure 8-3. (left) Pt 4f and (right) Fe 3p spectra of 2 nm PtFe nanoparticles acquired with 
370 eV incident energy at 298 K (a,b) in UHV, (c,d) under the mixture of 10 mTorr of 
C2H4 and 100 mTorr of H2, and (e,f) under 100 mTorr of O2. Pt remains mostly reduced 
under all three conditions, whereas the relative concentration of Fe, Fe2+ and Fe3+ varies 
with gas environments. 

 
The surface chemistry of the 2 nm PtFe nanoparticles was monitored under the ethylene 

hydrogenation reaction mixture and oxygen with 370 eV incident energy at 298 K. Figure 
8-3 shows the Pt 4f and Fe 3p spectra recorded in UHV, under the mixture of 100 mTorr of 
C2H4 and 10 mTorr of H2, and under 100 mTorr of O2 at 298 K. The Pt 4f7/2 peaks of 
metallic Pt and Pt2+ are located at 71.2 and 72.7 eV.33-35 Fe 3p spectra are deconvoluted into 
three components at 52.1, 54.5, and 55.8 eV, corresponding to metallic Fe, Fe2+, and Fe3+, 
respectively.36-38 Changes in the gas environments lead to obvious changes in the shape of 
Fe 3p spectra but not in Pt 4f spectra. Figure 8-4a displays that surface Fe atoms are 
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partially reduced under the ethylene hydrogenation mixture and oxidized under O2. 
Initially in UHV, surface Fe atoms are comprised of ~38% of metallic Fe, ~32% of Fe2+, 
and ~30% of Fe3+. Upon introducing C2H4 and H2, the percentage of metallic Fe and Fe2+ 
increases to ~49% and ~43%, respectively, whereas the percentage of Fe3+ largely drops to 
~8%. The reduction of Fe could be due to the spillover of hydrogen atoms from the 
co-existing Pt atoms.39-41 After evacuating the C2H4-H2 mixture and introducing O2, the 
percentage of metallic Fe and Fe2+ decreases to ~37% and ~34%, indicating the partial 
oxidation of surface Fe atoms back to the oxidation state distribution in UHV. The 
percentage of Fe3+ rises to ~29% in the meantime. On the other hand, Figure 8-4b 
illustrates that the oxidation state of Pt changes with gas conditions to a less extent as 
compared to Fe oxidation state. Surface Pt atoms are comprised of 90~93% of metallic Pt 
and 7~10% of Pt2+ under all three environments. 
 

 

Figure 8-4. Changes in oxidation states of (a) Fe and (b) Pt in 2 nm PtFe nanoparticles 
with gas atmospheres at ~0.7 nm IMFP at 298 K. Fe is partially reduced under the 
ethylene hydrogenation reaction mixture and oxidized under O2. In contrast, the oxidation 
state of Pt does not vary with gas reactants at 298 K. 

 
Despite the significant changes in Fe oxidation states while varying gas conditions, the 

relative intensity ratio of Pt 4f peaks to Fe 3p peaks seems to remain the same in the spectra 
in Figure 8-3. The atomic fraction of Fe is estimated through the integrated area of Pt 4f 
and Fe 3p peaks and their respective atomic sensitivities. Figure 8-5 shows that the PtFe 
surface contains 34~37% of Fe regardless of gas environments at all three photoelectron 
IMFPs. The weak dependence of surface elemental composition on gas conditions is due to 
the low experimental temperature of 298 K that is not high enough for atoms to segregate 
between surface and bulk.22 In addition, the similar Fe atomic fractions at all three IMFPs 
indicate that the 2 nm PtFe nanoparticles are homogeneously distributed. 
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Figure 8-5. Atomic fractions of Fe in 2 nm PtFe nanoparticles with respect to probing 
depths under different gas environments at 298 K. The concentration of Fe is 34~37% at 
all IMFPs under all conditions, indicating that the 2 nm PtFe nanoparticles are uniformly 
distributed. Surface segregation cannot happen at 298 K because of low atomic mobility. 

 
8.3.2 Pt9Co-Co Core-Shell Nanoparticles 
Figure 8-6 shows the model and the TEM image of as-synthesized Pt9Co-Co core-shell 
nanoparticles. The particles have a ~8 nm large Pt9Co nanocube core and a 1~3 nm thick 
pure Co shell. The Pt9Co core and Co shell can be differentiated in the TEM image based 
on the contrast, since the particles all have dark cores and light shells. Pt9Co-Co core-shell 
nanoparticles are ~10 nm large on average. 
 

 

Figure 8-6. (left) Schematic and (right) TEM image of Pt9Co-Co core-shell nanoparticles. 
The Pt9Co core and Co shell can be distinguished through the difference in contrast.  

 
The core-shell structure of Pt9Co-Co nanoparticles can be verified by depth profiles 

studied using XPS at the synchrotron radiation source. As shown in Figure 8-7a, the 
concentration of Co is ~99% at ~0.7 and ~0.9 nm IMFPs, and slightly decreases to ~97% at 
~1.2 nm IMFP. The fact that the atomic fraction of Co is close to 100% indicates that the 
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particle surface is nearly all occupied by Co atoms. Pt atoms, however, mostly consist of 
the inner core. Co is also more oxidized at surface than in the bulk, similar to Fe in PtFe 
nanopartciles studied in the previous section. Figure 8-7b shows that, at ~0.7 nm IMFP, Co 
is consisted of ~23% of metallic Co, ~32% of Co2+, and ~45% of Co3+. Although these 
values do not change much with the increase of IMFP to ~0.9 nm, the percentage of 
metallic Co has reached ~44% at ~1.2 nm IMFP. Meanwhile, the percentage of Co2+ 
greatly decreases to ~14% and that of Co3+ weakly drops to ~42%. 
 

 
Figure 8-7. (a) Depth profiles and (b) distribution of Co oxidation states in the Co shell 
of Pt9Co-Co core-shell nanoparticles. The Pt atomic fraction of only ~3% at ~1.2 nm 
IMFP suggests that Pt is almost undetectable at the surface. Co is more reduced in the 
bulk at the expense of Co2+, whereas the percentage of Co3+ in total Co remains the same. 

 
Previous studies in our group have revealed that Pt can facilitate H2 to reduce Co in PtCo 

alloy nanoparticles at 398 K, at a much lower temperature than that required to reduce pure 
Co nanoparticles.42 The performance of Pt9Co-Co core-shell nanoparticles under H2 was 
thus studied to compare with PtCo alloy nanoparticles. As displayed in Figure 8-8a, the 
introduction of H2 at 298 K results in partial reduction of Co2+ to Co, as the percentage of 
metallic Co in total Co increases by ~12%, comparing to the result in Figure 8-7a. However, 
further heating the sample under H2 even to 673 K does not give rise to further reduction of 
Co2+ and Co3+, since the Co shell is always consisted of 32~36% of metallic Co, 18~22% 
of Co2+, and 43~47% of Co3+. The Co shell hence behaves like pure Co under H2, leading 
to the stability of Pt9Co-Co core-shell nanoparticles. Surface segregation phenomenon is 
not observed during the process either. Figure 8-8b illustrates that the concentration of Pt at 
~0.7 nm IMFP remains at ~1% even while heating the Pt9Co-Co core-shell nanoparticles to 
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673 K under 100 mTorr of H2 for 2 h. Transport of Pt atoms into the Co lattice is inhibited 
probably by the mismatch between core and shell crystal structures, since Pt9Co is in the 
fcc crystal lattice whereas Co is in the hexagonal close-packing (hcp) crystal lattice.  
 

 
Figure 8-8. Changes in (a) Co oxidation states and (b) surface composition of Pt9Co-Co 
core-shell nanoparticles at 100 mTorr of H2 as a function of temperature at ~0.7 nm IMFP. 
The introduction of H2 leads to slight reduction of Co, but heating does not result in 
further reduction. The concentration of Pt remains at ~1% even at 673 K, indicating that 
surface segregation does not occur.  

 
8.3.3 PtNi3 Polyhedra and Pt3Ni Frameworks 
Figure 8-9 shows the schematics and corresponding TEM images of solid PtNi3 polyhedra 
and hollow Pt3Ni frameworks. The Pt:Ni molar ratios of 1:3 in the initial polyhedra and 3:1 
in the final frameworks were measured through energy dispersive X-ray (EDX) spectra. 
The initial PtNi3 polyhedra with an average size of 15 nm exclusively expose {110} facets 
with a uniform morphology of rhombic dodecahedron. While heating in air at 393 K, such 
solid polyhedra dramatically evolve into hollow frameworks consisting of 24 edges that 
are 2 nm thick each. The framework products have kept the dodecahedron structure of the 
parent PtNi3 particles. 

XPS experiments were performed to explore the driving force of the morphological and 
compositional changes of the Pt−Ni bimetallic nanostructures. Figure 8-10 shows the Ni 2p 
and Pt 4f spectra of as-synthesized PtNi3 polyhedra and Pt3Ni frameworks acquired in 
vacuum with Al Kα source (hν = 1486.6 eV). The Ni 2p3/2 region can be deconvoluted into 
four components locating at 852.5, 855.7, 860.4, and 864.2 eV. The peaks at 852.5 and 
855.7 eV correspond to metallic Ni and Ni2+, respectively,43-47 and the other two peaks are 
the shake-up satellite features that are common for transition metals.45-47 As shown by the 
fitted results, the majority of Ni is in the Ni2+ oxidized state at the PtNi3 surface whereas in 
the metallic state at the Pt3Ni surface. In contrast, the oxidation state of Pt does not vary 
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with the structural evolution, with most of the Pt atoms staying in the metallic state. This 
significant change in the relative intensity ratio of Ni2+ to Ni peak, along with the initial 
high concentration of Ni2+ at the PtNi3 polyhedra surface, implies that Ni oxidation plays a 
critical role in the Pt−Ni structural changes. Ni atoms at the surface are more susceptible 
than Pt atoms to being oxidized by dissolved O2 from air, yielding Ni2+ ions that can form 
soluble metal complexes with the oleylamine ligands. Since Ni dissolves faster than Pt, the 
particles gradually turns from Ni-rich to Pt-rich, until Pt3Ni, the stable phase of the Pt−Ni 
alloy,48 is formed. 
 

 
Figure 8-9. (a,b) Schematics and (c,d) TEM images of as-synthesized PtNi3 polyhedra 
and Pt3Ni frameworks. The insets display TEM images of single particles, showing that 
the particles are ~15 nm large on average and the edges are ~2 nm thick. PtNi3 polyhedra 
show the morphology of dodecahedron that exclusively exposes {110} facets. Pt3Ni 
frameworks maintain the structure of parent particles but have hollow interior. 

 
The atomic fractions of as-synthesized PtNi3 polyhedra and Pt3Ni frameworks as a 

function of probing depths were studied with synchrotron-based XPS in UHV. As shown in 
Figure 8-11, the surface elemental composition varies with probing depths for both 
samples. Ni is slightly enriched at the PtNi3 surface, since the Ni concentration in PtNi3 

polyhera is ~76%, ~73% and ~68% at IMFPs of ~0.7, ~0.9 and ~1.2 nm, respectively. 
Similarly, the Ni concentration is also higher at the Pt3Ni surface than in the bulk, with Ni 
percentage of ~40%, ~29% and ~24% at ~0.7, ~0.9 and ~1.2 nm, respectively. The stronger 
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chemical bond of Ni with amine group in the oleylamine capping agent than Pt was 
responsible for the Ni enrichment at surface of as-synthesized nanostructures. 
 

 
Figure 8-10. (left) Ni 2p and (right) Pt 4f spectra of as-synthesized (top) PtNi3 polyhedra 
and (bottom) Pt3Ni frameworks in UHV recorded by Al Kα X-ray. With the morphology 
variation from PtNi3 polyhedra to Pt3Ni frameworks, the intensity ratio of Ni2+ to Ni 
peaks has significantly decreased, whereas the oxidation state of Pt has bared changed. 
The Ni satellite peaks become less intense simultaneously with the weaker Ni2+ peak. 

 
 

 
Figure 8-11. Depth profiles of the as-synthesized (a) PtNi3 polyhedra and (b) Pt3Ni 
frameworks in UHV at 298 K. The atomic fraction of Ni decreases with IMFPs in both 
samples. 

 
Variations of Pt and Ni surface concentrations in response to changes in gas conditions 

were investigated by AP-XPS on both Pt−Ni nanostructures. The composition under each 
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condition is estimated by deconvoluting the Pt 4f and Ni 3p spectra acquired at 490 eV 
incident energy. An example of peak deconvolution is displayed in Figure 8-12, in which 
the Shirley-type background is subtracted prior to peak fitting. The main peak of Pt 4f7/2 is 
located at 71.1 eV, characteristic of metallic Pt.33 Another Pt 4f7/2 component is found at 
72.6 eV, corresponding to Pt2+ as discussed previously. The Ni 3p3/2 peak is centered at 68.5 
eV, indicating that the majority of surface Ni is in oxidized states, probably as a mixture of 
Ni3+ and Ni2+.44 The metallic Ni 3p3/2 feature is found to locate at 66.2 eV through peak 
deconvolution, in agreement with literature.43,49 Since the shake-up feature of Ni 3p3/2 
strongly obscures with the Pt 4f7/2 component, the satellite peak of Ni 3p is not included in 
the peak fitting. 
 

 

Figure 8-12. Pt 4f and Ni 3p spectra of PtNi3 polyhedra recorded in UHV at 370 eV 
incident energy as the example of peak deconvolution. Shirley-type background was 
subtracted prior to peak fitting. Metallic and oxidized Pt and Ni components are both 
marked in the figure. Ni satellite peaks were not included in the deconvolution because Ni 
peaks are much less intense than Pt peaks. 

 
Figure 8-13 illustrates the variation in surface composition with gases at 100 mTorr. As 

the repeated cycle of washing by DMF, ethanol and cyclohexane had sufficiently removed 
a large amount of oleylamine around nanoparticles, the residual surfactant was not burnt at 
elevated temperature and a low pressure of O2 as in previous studies,21-23 in order to 
maintain the particular shapes of samples. At 353 K, the surface composition of both PtNi3 
polyhedra and Pt3Ni frameworks almost remains unchanged with respect to gas conditions, 
since metal atoms cannot overcome the diffusion barrier at low temperature, in accordance 
with previous studies.22 When the temperature is enhanced to 393 K, the Ni concentration 
of PtNi3 polyhedra at ~0.9 nm IMFP increases from ~73% under 100 mTorr of H2 to ~82% 
under 100 mTorr of O2, as shown in Figure 8-13a. Ni is preferentially oxidized by O2 to 



113 

form nickel oxide that encapsulated the surface, thus tending to move to surface under 
oxidizing conditions.50 The atomic fraction of Ni decreases back to ~74% when the gas 
environment is switched back to H2 again. Pt tends to segregate towards surface under H2 
because of its strong tendency to segregate towards surface while coexisting with Ni.51-53 
Similar reversible trend of surface composition is also observed on Pt3Ni frameworks at 
393 K, as in Figure 8-13b. The Ni concentration at ~0.9 nm IMFP is ~32% initially under 
H2, and increases to ~38% under O2. After evacuating O2 and re-introducing H2, the Ni 
concentration declines to ~34%. Variation of surface Ni concentration is less prominent in 
Pt3Ni frameworks than PtNi3 polyhedra, probably as a result of the smaller amount of Ni in 
the hollow interior. AP-XPS results have thus supported the proposed mechanism that Ni 
diffuses out from PtNi3 polyhedra through oxidation by O2, which eventually leads to the 
Pt3Ni hollow structure. 
 

 

Figure 8-13. Changes of surface composition at ~0.9 nm IMFP of (a) PtNi3 polyhedra and 
(b) Pt3Ni frameworks in response to changes in gas environments at 353 K and 393 K. 
The pressure of H2 and O2 was kept at 100 mTorr during experiments. The starting points 
of both samples were measured in UHV at 298 K. At 353 K, the surface composition 
does not change with gas conditions. At 393 K when the atom migration mobility is 
higher, Ni segregates to surface under O2 whereas Pt migrates to surface under H2. 

 
8.4 Conclusions 
In summary, both Pt−Fe and Pt−Ni bimetallic systems undergo structural changes when 
varying gas conditions. The ethylene hydrogenation reaction mixture can reduce ~22% of 
Fe atoms at 2 nm PtFe nanoparticle surface at 298 K, and these Fe atoms are oxidized back 
in the presence of O2. However, the oxidation state of Pt does not vary with gas conditions. 
Segregation of Pt or Fe atoms to surface is not observed either, owing to the low atomic 
mobility at 298 K. In the Pt−Ni system, Ni segregates to surface under O2 because Ni is 



114 

easier to oxidize and migrates to bulk under H2 since the surface energy of metallic Ni 
atoms is higher than Pt. Such surface segregation occurs at 393 K at which the structural 
evolution from solid PtNi3 polyhedra to Pt3Ni frameworks happens. Pt and Ni atoms do not 
segregate at lower temperatures such as 353 K. Lastly, Pt9Co-Co core-shell nanoparticles 
do not undergo significant surface reconstruction under H2, with only ~10% of the Co 
atoms being reduced after H2 is added. However, even if heating to 673 K, surface Co 
atoms are not further reduced and the concentration of Pt at surface remains at ~1%. 
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Chapter 9  

Summary and Outlook 

This thesis has concentrated on in situ structural changes on Pt and Cu crystal surfaces and 
Pt-based bimetallic nanoparticle catalysts, in order to seek the influence of catalyst surface 
structure on heterogeneous catalysis. HP-STM studies has demonstrated the high activity 
of low-coordinated step sites on both Pt and Cu surfaces compared with terrace sites, which 
also results in dramatic surface reconstruction. The type of low-coordinated sites, i.e. the 
orientation of steps, plays a critical role in inducing surface reconstruction. Distinguished 
structure observed at high gas pressures from structure seen in vacuum illustrates the 
necessity of in situ studies. Changes in surface composition monitored with AP-XPS have 
provided valuable chemical and dynamical information for understanding the structural 
changes and reaction mechanisms. 

The in situ structural investigation started with the O2/Pt(557) system along with its 
reference O2/Pt(111) system. Chemisorbing on Pt steps as well as terraces at 10-7 Torr, O2 
induces the growth of Pt oxide from 1D chains to 2D clusters at pressures of 1 Torr at 298 
K. Most clusters are populated within 2 nm from steps that present on Pt(111) because of 
miscut. Thereby clusters cover the entire Pt(557) surface since the terrace width is 1.4 nm. 
Oxygen chemisorption pattern is observed on Pt(111) terraces even at 1 Torr. Results on 
these two systems perfectly demonstrate the importance of in situ structural studies on 
low-coordinated surface sites. Depth profiles of the oxidized Pt(557) surface, studied using 
AP-XPS at synchrotron with tunable X-ray sources, have revealed that Pt oxide formed on 
Pt(557) is less than 0.6 nm thick, indicating that the growth of bulk oxide is kinetically 
inhibited at 298 K. 

More interestingly, Pt oxide clusters formed under 1 Torr of O2 disappear on Pt(557) and 
Pt(111) when O2 is evacuated to 10-8 Torr. Since neither oxide decomposition nor oxygen 
desorption happens at 298 K, reactions of Pt oxide with H2 and CO in the background are 
responsible for the removal of Pt oxide. In continuation, the Pt(557) surface structure was 
explored under H2-O2 and CO-O2 mixtures to verify that the high reactivity of Pt oxide 
towards reducing gases. At a partial pressure of only 43 mTorr while keeping the O2 partial 
pressure at 950 mTorr, H2 completely removes the Pt oxide clusters which were initially 
formed under 950 mTorr of O2. AP-XPS has demonstrated that the coverage of Pt oxide 
decreases with the increase of H2 partial pressures, whereas the total coverage of H2O and 
OH retains at a constant value. In addition, the fact that the consumption of Pt oxide is 
exclusively responsible for the decrease in Pt oxide coverage indicates that Pt oxide is an 
important reaction intermediate during hydrogen oxidation reaction. Under 1:1 CO-O2 
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mixture, CO-induced step doubling and triangular cluster formation are observed. 
Not only does the existence of low-coordinated sites affect adsorbate-induced surface 

reconstruction, but the sort of low-coordinated sites also influence on structural evolution. 
Two stepped Pt crystals, Pt(557) and Pt(332), which have the same terraces but differ only 
in the step orientation, were investigated under the CO-C2H4 mixture. After CO creates Pt 
clusters at step edges, subsequent addition of C2H4 with the same partial pressure restores 
the stepped structure on Pt(332). In contrast, Pt clusters on Pt(557) are preserved after 
adding C2H4. When the gas introduction sequence is reversed, C2H4 causes periodic 
adsorption patters to appear on Pt(332) but not on Pt(557), which further confirms the 
critical role of step orientation in the restructuring process. The three-fold sites at (111) 
steps allow Pt(332) to accommodate more ethylidyne converted from C2H4 adsorption than 
Pt(557), because ethylidyne occupies three-fold hollow sites. Adding CO after C2H4 does 
not create Pt clusters on either surface. 

Studies on structure and mobility then moved on to the Pt(100) surface that initially 
undergoes a hexagonal reconstruction, under C2H4 and its mixture with H2 and CO in the 
Torr range. The reconstruction on Pt(100) is preserved under 1 Torr of C2H4 by a mobile 
layer of ethylidyne and di-σ-bonded ethylene adsorbates. Pt atoms in the hexagonal layer 
are also mobile because adsorption weakens the interaction between the surface and bulk 
layers. However, at 5 × 10-6 Torr of C2H4, the reconstruction is lifted by co-adsorbed CO 
from background gases, creating 2~3 nm large Pt islands across the Pt(100) surface. Under 
1 Torr of 1:1 C2H4-H2 mixture, the active Pt(100) surface exhibits high mobility under 
STM, along with roughly preserved hexagonal reconstruction. The surface mobility is 
quenched and the Pt(100) catalyst is deactivated as soon as 3 mTorr of CO is added into the 
reaction mixture. AP-XPS results implicate CO adsorption on Pt(100) in stopping the 
surface mobility and catalytic reaction, which also lifts the reconstruction in the meantime. 
A highly mobile catalyst surface is crucial for catalytic turnovers. 

Structural changes on the stepped Cu(557) surface were explored under similar gases or 
gas mixtures to studies on Pt(557), for a broader perspective on adsorbate-induced 
restructuring processes. Although the Cu(557) surface also undergoes structural evolution 
at high gas pressures, reconstruction on Cu(557) are distinguished from the observation on 
Pt(557) under the same gas environment owing to their different affinities to gas molecules. 
The higher mobility of Cu atoms than Pt atoms contributes to the distinct reconstruction as 
well. 12 Torr of CO is required to create Cu clusters on Cu(557), whereas 1 Torr of CO 
causes only wide terraces. H2 is also able to induce formation of large Cu terraces, which 
grow wider with the subsequent addition of CO. C2H4 results in Cu clusters and a highly 
mobile surface under STM owing to the weak adsorption of C2H4 on Cu. Adding CO into 
C2H4 does not alter the structure. 1 Torr of O2 significantly oxidizes Cu(557), forming thick 
Cu oxide hardly resolvable with STM, especially in the presence of O2. 

Lastly, since nanoparticles are mostly used in industrial heterogeneous catalysis, and 
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because bimetallic systems usually exhibit high activity and selectivity, three kinds of 
Pt-based bimetallic nanoparticle catalysts were monitored with AP-XPS under relevant 
reaction conditions. Fe atoms are partially reduced at the 2 nm PtFe nanoparticle surface 
under the ethylene hydrogenation mixture and partially oxidized by O2. The Pt9Co-Co 
core-shell nanoparticles do not undergo any changes in surface composition or chemical 
states under H2 even at 673 K. The surface composition of PtNi3 polyhedra and Pt3Ni 
frameworks varies reversibly between O2 and H2 at 393 K. O2 oxidizes Ni and drives Ni to 
segregate to the surface, whereas the oxidation state of Pt does not change. In contrast, H2 
reduces Ni and drives Pt towards the surface, because the surface energy of metallic Pt is 
lower than Ni. At lower temperatures, for example 353 K, such surface segregation does 
not occur owing to the low atomic mobility. 

Experiments following this thesis can be conducted in several directions. Bimetallic 
catalysts deserve extraordinary attention in HP-STM studies, owing to their outstanding 
catalytic performances and because of the existence of few examples in literature. The 
preferred bonding of each metal to one reactant in the reaction mixture, if resolved, can 
shed light on the synergistic effect. Bimetallic catalysts also open the possibilities for 
enormous intriguing dynamic phenomena under reaction conditions, since atomic mobility 
of two metals are facilitated differently by gas adsorption. Model catalysts can be prepared 
by either depositing one metal on the other metal substrate or by alloying two metals. 

In addition, it is noteworthy that all the gas reactants used in this thesis are small 
molecules. Larger molecules, which can even be in the liquid phase at 298 K but have high 
vapor pressure, for instance benzene, cyclohexene, and so forth, are promising reactant 
adsorbates in future studies. HP-STM studies using liquid with high vapor pressure is able 
to bridge the gap between heterogeneous reactions at the solid−liquid interface and at the 
solid−gas interface. 

Halogen lamp heater in the current instrument cannot precisely control the sample 
temperature. Once one of the glass beads used to separate the STM body and the sample 
stage drops as a result of shaking during sample transfer, thermal isolation is severely 
damaged and thermal drift is enhanced accordingly during high-temperature experiments. 
The sample stage can be modified by using a ceramic heater for better temperature control 
and by replacing the glass beads with a ceramic thermal isolation layer between the sample 
and the STM body. Such improvement allows for high-temperature HP-STM studies that 
provide molecular information under conditions closer to real catalysis. 
 




