
UC Berkeley
UC Berkeley Previously Published Works

Title
High-Pressure Scanning Tunneling Microscopy

Permalink
https://escholarship.org/uc/item/2ss600jg

Journal
Chemical Reviews, 121(2)

ISSN
0009-2665

Authors
Salmeron, Miquel
Eren, Baran

Publication Date
2021-01-27

DOI
10.1021/acs.chemrev.0c00429
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2ss600jg
https://escholarship.org
http://www.cdlib.org/


1 
 

High Pressure Scanning Tunneling Microscopy 

Miquel Salmeron,*
, 
†

,
‡ and Baran Eren,**

,
†

 ,
§  

†Materials Sciences Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, 

California 94720, United States, and  

‡ Department of Materials Science and Engineering, University of California, Berkeley, United 

States 

§Department of Chemical and Biological Physics, Weizmann Institute of Science, 234 Herzl Street, 

76100 Rehovot, Israel,   

* E-mail: mbsalmeron@lbl.gov    

** E-mail: baran.eren@weizmann.ac.il  

 

Abstract 

This is a Review of recent studies on surface structures of crystalline materials in the presence of gases in 

the mTorr to atmospheric pressure range, which brings Surface Science into a brand new direction. 

Surface structure is not only a property of the material, but also depends on the environment surrounding 

it. This Review emphasizes that high/ambient pressure goes hand-in-hand with ambient temperature, 

because weakly interacting species can be densely covering surfaces at room temperature only when in 

equilibrium with a sufficiently high gas pressure. At the same time, ambient temperatures help overcome 

activation barriers that impede diffusion and reactions. Even species with weak binding energy can have 

residence lifetimes on the surface that allow them to trigger reconstructions of the atomic structure. The 

consequences of this are far from trivial, because under ambient conditions the structure of the surface 

dynamically adapts to its environment and as a result completely new structures are often formed. This 

new era of surface science emerged and spread rapidly after the re-tooling of characterization techniques 

that happened in the last two decades. This Review is focused on the new surface structures enabled 

particularly by one of the new tools: High pressure scanning tunneling microscopy. We will cover several 

important surfaces that have been intensely scrutinized, including transition metals, oxides, and alloys.  
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1. Introduction 

1.1 Why High (Ambient) Pressure? 

Surface Science is the field of elucidating the fundamental aspects of chemistry and physics 

occurring on the surfaces of materials, with the goal of providing fundamental information to industrially 

important fields of heterogeneous catalysis, electrochemistry, corrosion, lubrication, and others. 

Traditional Surface Science is carried out in rarefied conditions of ultra-high vacuum (UHV) where the 

pressure is usually below 10
-9

 Torr/mbar, which make it possible to control the sample composition and 

cleanliness to within 0.1% of a monolayer (ML) or better. Surface Science, as practiced until the end of 

the 20
th
 century, has provided much of our present understanding of solid surfaces.

1-2
 This is because an 

extensive array of surface-sensitive microscopy and spectroscopy techniques exists that operate in UHV, 

and these techniques have revealed the atomic, electronic, and chemical structure of many crystal surfaces 

in their ideally pristine state at pressures below 10
-6 

Torr, and mostly at a sample temperature of room 

temperature or below. While these low pressure−low temperature studies have helped us to understand 

the structural aspects, thermodynamics, and kinetics of certain model reactions,
 
practical catalytic 

reactions typically take place in the presence of gases (or liquids) at much higher pressures and at room 

temperature or above.  

Our knowledge of surfaces under such realistic conditions is far less extensive than in UHV, because 

a few surface-sensitive techniques exist outside the optical domain that can probe surfaces in the presence 

of gases at ambient pressure conditions. This lack of knowledge is referred to as the “pressure gap”. 

However, it is more accurate to think of this lack of knowledge as made up of three different gaps, 

determined by pressure, temperature, and complexity of the system. The pressure gap is due to two 

reasons: The first reason is that most surface-sensitive techniques require high vacuum for operation 

because probe particles (electrons, ions, etc.), whether incoming or outgoing, have mean free paths below 

1 mm at pressures above a few mTorr. A high coverage of adsorbed atoms or molecules on surfaces is the 

norm in operating or storage conditions, but in UHV conditions high densities of adsorbed atoms or 

molecules can often be obtained only by keeping the surface at low temperatures (typically at liquid 

nitrogen temperature (77 K) and below). This requirement for controlling the adsorbed layer is the second 

reason for the pressure gap. However, at low temperature, the kinetics of surface processes can be too 

slow compared to timescales of an experiment, which is mostly of minutes to hours. The “temperature 

gap” therefore is more important because temperature affects kinetics in an exponential way, while 

pressure affects the kinetics in a slow power law (e.g., linear for first order processes, quadratic for 

second order, etc.). In short, a pressure−temperature gap occurs as a consequence of kinetic hindrances 

that might not allow for the thermodynamically favorable structure to form. In addition, entropic effects 

also play a role at higher temperatures. Both the pressure−temperature effects and the entropic 
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contributions are difficult to fully take into account when extrapolating experimental results obtained in 

UHV to the relevant reaction conditions. Finally there is also a “complexity gap”, related to the fact that 

most practical materials are not single-crystals, but are in the form of powders, nanoparticles, porous 

media, etc., that add additional barriers to molecular and atomic level characterization. 

The approach in Surface Science that we call ‘Ambient Pressure Surface Science’, stems from an 

effort to bridge these three gaps between science and technology. The vast majority of studies in this new 

research field are conducted within the context of heterogeneous catalysis. This is because catalysts are 

the work horses in the refinery, chemical production, and energy conversion processes, and there is a 

significant demand for improvements in their activity (the rate at which the reactants are converted to 

products) and selectivity (the fraction of the products which are the desired chemical). Furthermore, 

chemical process costs can be reduced significantly by replacing precious metal catalysts with others 

based on low-cost materials, like transition metals with 3d-valence electrons and their alloys. A condition 

for the rational design of improved catalysts is a thorough understanding of the underlying mechanisms 

by which the catalyst functions. In particular, the atomic and chemical structure of a catalyst surface plays 

a crucial role in its performance in terms of its activity and selectivity towards sought-after products, and 

this can change dramatically with reaction conditions. For example, as we will show with examples in this 

Review, model single-crystal catalyst surfaces have been observed to restructure dramatically as the 

pressure is increased from UHV to the Torr/mbar pressure regime and above, a phenomenon indirectly 

predicted more than a century ago by Irving Langmuir, the Founding Father of Surface Science. He 

stated:
3
 

 “The atoms in the surface of a crystal must tend to arrange themselves so that the total energy will 

be a minimum. In general, this will involve a shifting of the positions of the atoms with respect to each 

other.” 

The amount of experimental observations of this long-anticipated atomic scale phenomenon 

increased very significantly with the advent of Scanning Tunneling Microscopy (STM), an imaging 

technique capable of resolving single atoms.
4
 The results presented in this Review were all obtained by 

STM, usually in a separate smaller volume chamber connected to the main UHV chamber, at 

ambient/high pressure, broadly defined as 1 mTorr and above, hence the name high pressure STM or 

simply HPSTM. The scope of HPSTM is limited to bridging the pressure-temperature gap, as atomically 

flat single-crystal samples are necessary for imaging with atomic resolution. This trade-off between 

atomic-level information and bridging the complexity gap was suggested by Irving Langmuir about a 

century ago. In his own words, Langmuir suggested using “checkerboard surfaces” (single-crystals) as 

model systems for more complex “porous bodies" (real catalysts like nanoparticles or foils).
5
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There are several surface-sensitive spectroscopy techniques that can also operate under ambient 

conditions which provide invaluable information to help to interpret the HPSTM images. One is ambient 

pressure x-ray photoelectron spectroscopy (APXPS). XPS relies on the short inelastic mean-free paths 

(IMPF) of electrons, and can provide powerful information on chemical composition, but has traditionally 

been limited to UHV conditions to minimize gas-phase scattering prior to collection of the photoelectrons 

and to prevent deterioration of its electron optics and electron detector components. During the last 

decades, APXPS has been developed, extending the operating pressure into the Torr/mbar pressure 

regime.
6
 The current generation of APXPS analyzers utilizes electron optics to focus photoelectrons 

through several apertures as part of a multistage, differentially pumped lens system, increasing the 

photoelectron collection efficiency and extending the measurement range up Torr/mbar pressure regime. 

Another important technique is infrared reflection absorption spectroscopy (IRRAS), which has been used 

extensively since the beginning of surface and catalysis science.
7
 Compared to APXPS, this technique is 

superior in determining the chemical state of adsorbates and their adsorption sites, but it is not element 

specific and less quantitative than APXPS. An important advantage of IRRAS over APXPS is the 

pressure range; by modulating the linear polarization of the infrared light in real-time, it is possible to 

investigate surfaces even in the presence of 1 bar of reactant gases. This is because gas-phase species are 

randomly dispersed in space and have no polarization dependence, whilst adsorbed species are oriented.  

 

1.2 Why STM? 

STM is an atomic-resolution imaging technique (lateral resolution ~100 pm and vertical resolution 

~1-3 pm at room temperature) which is best suited for atomically-flat surfaces, due to the finite tip apex 

size. STM can operate in ambient gases and air, so there is no limitation on its operation under controlled 

gas pressures.  

Among the surface characterization tools that are applicable in the presence of gases, STM has one 

great advantage: the measurement itself is not invasive, i.e., it does not affect or modify the surface 

structure significantly, in contrast to microscopy or spectroscopy techniques that either employ or 

produce a high energy and high flux of electrons (e.g., environmental transmission electron microscopy 

(e-TEM), APXPS, etc.).  The high energy particles ionize the gas phase molecules and they also produce 

secondary electrons that are very effective in dissociating the adsorbed molecules. This is called 'beam-

induced chemistry' or 'beam damage', and it is highly undesirable.
8
 These problems can be circumvented, 

but this is an important topic worthy of a separate review. Another practical advantage of HPSTM 

instruments is that it can be used by individual research groups, without the need for large and often 

remotely located user facilities.  

The downside of operating under ambient gas pressures is the possible contamination of the inner 
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walls of the chambers that house the analysis instruments when reactive species are used.  Base pressures 

of 10
-10

 Torr/mbar can be restored in several ways, including the conventional baking at over 110 °C for 

two days, and by performing a 'plasma cleaning' of the chamber prior to measurements at ambient 

pressures. The latter is an efficient way to remove hydrocarbons, water, and other contaminants desorbing 

from the chamber walls as they can be displaced by the reactant gases introduced in the chambers. 

Another source of potential contamination is the crystal itself, even after the conventional cleaning 

procedure of sputtering and annealing cycles. Similar to STM studies in UHV, most research groups 

performing HPSTM measurements check the cleanliness of their samples with Auger-Meitner electron 

spectroscopy (AES), or with XPS, prior to STM measurements, to confirm that the contaminant level is 

below the detection limit of these techniques (<1% of a monolayer). However, even an initially clean 

surface may become contaminated again when contaminant species dissolved in the bulk diffuse to the 

surface and, in the presence of gases, react and become anchored there. 

In traditional Surface Science studies, combination of STM with low energy electron diffraction 

(LEED) has proven to be very effective in determining the atomic structure of surfaces. At ambient 

pressures, it is not possible to use LEED as it employs low energy electrons as the probe particles. 

Instead, various forms of x-ray scattering can be used, including grazing x-ray diffraction, and others that 

will not be reviewed here. In addition to the experiment tools, theoretical methods have been developed 

that continuously improve, chiefly among them is density functional theory (DFT) for structural and 

chemical analysis. In some recent studies, the gas phase chemical potential is included in the calculations, 

making them comparable to experimental studies at ambient pressures and temperatures. 

This Review article will be devoted solely to HPSTM as the main structural analysis tool, supported 

as needed with spectroscopy and theory results for interpretation of the images. Readers may refer to the 

original papers for full details of the theoretical and experimental techniques used in determining the 

surface structures.  

Leading groups in HPSTM are based in Berkeley, Aarhus, Leiden, Berlin, Munich, and increasingly 

in many other institutes. Thanks to efforts by research groups in Aarhus University in Denmark,
9
 and the 

University of Leiden in the Netherlands,
10

 different HPSTM setups that can operate in the presence of 

gases are now commercially available. The Leiden HPSTM, for example, quotes that it can operate at 6 

bar and ~300°C, reaching the industrial reaction conditions of many important catalytic reactions. 

All the transition metals discussed in this Review have a face-centered cubic (fcc) structure, with the 

exception of Co which has a hexagonal close-packed (hcp) structure at room temperature.  

A final remark is that we use both mbar and Torr throughout this Review, depending on the pressure 

unit used in the original paper. 
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2. Instrumentation 

Traditional Surface Science experiments are conducted in UHV conditions and it is rather 

straightforward today to obtain atomic resolution on crystal surfaces with commercial or custom-built 

UHV-STM instruments. There are two ways to adapt any type of Surface Science experiment from UHV 

conditions to ambient/high pressures. The first and simpler one is backfilling the UHV chamber with 

gases up to 1 bar pressure. STM can work in air, so there are no technical constraints in operating it in the 

mbar-bar pressure range. The only consideration should be the possibility of igniting a low-temperature 

plasma in the 10
-2

-10
-3

 Torr pressure range triggered by the high voltage applied to the piezoelectric 

material of the STM scanners. This problem can easily be dealt with by mixing the reactant gas with 

argon and keeping the total pressure higher. The maximum pressure is limited by the viewports of the 

UHV setup that cannot sustain higher pressure differences between ambient air and the pressure inside the 

vacuum vessel. Therefore, for a safe operation, this approach is limited to 1 bar pressure. The main 

advantage of this approach is that it is easy to build and maintain a very robust scanning head, and 

therefore it is easier to get atomically resolved images. It is also very easy to exchange tips between 

measurements. The main disadvantage is controlling the temperature, as this approach is only applicable 

near room temperature because convective heat transfer could also warm the materials in the scanning 

head and sample support, causing temperature gradients and thereby thermal drift.  

The second way of performing HPSTM experiments is to use a small high-pressure cell inside the 

UHV chamber. This approach is technically more difficult, but it has several advantages over the 

backfilling approach. First of all, since only a small volume is pressurized, a lot of gas is saved and it is 

easier to reach atmospheric pressures. More importantly, it is possible to heat the entire cell and reach 

moderate temperatures. Finally, the gas cell will reduce the surface area of the surrounding walls. For 

instance, typical contamination at ambient pressure experiments is water molecules emanating from 

chamber walls; using a reactor cell with an inert Au-coating might reduce its partial pressure. The 

Berkeley HPSTMs and the Aarhus HPSTMs work on this principle.
11-13

 We show the original designs of 

these two HPSTMs in Figures 1 and 2.  



8 
 

 

Figure 1: The first design of the Berkeley HPSTM. Labeled parts are: (a) machine screws; (b) scan plate 

and tip assembly; (c) outer piezo (scan); (d) inner piezo (offset); (e) gold foil; (f) sample holder; (g) 

anodized aluminum tube; (h) base plate; (i) Viton cord; (j) anodized aluminum heating shroud; (k) Kapton 

insulating copper heating wire; (l) tip. Reprinted with the permission from Ref.
11

. Copyright 1993 

American Institute of Physics.   
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Figure 2: The first design of the Aarhus HPSTM. Labeled parts in (a) are: (1) Inchworm-scanner-tip 

assembly; (2) Invar housing; (3) sample holder; (4) quartz balls; (5) sample; (6) Ta support; (7) Ta foil; 

(8) leaf springs; (9) screws; (10) Macor ring; and (11) support ring. Labeled parts in (b) are: (1) STM 

assembly; (2) mounting block; (3) outer steel tube; (4) suspension springs; (5) linear translator; and (6) 

electrical feedthroughs. Reprinted with the permission from Ref.
13

. Copyright 2001 American Institute of 

Physics.   

 

Another design uses a small reactor cell with a small orifice for the STM tip to protrude into the cell. 

The advantage of this approach is that there is only limited gas flow outside of the reactor cell, in a 

separate compartment where the piezoelectric scanner is located. This results in smaller thermal drift even 

at gas pressures of a few bar. The Leiden HPSTM works according to this principle,
14-15

 and its design is 

shown in Figure 3.  
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Figure 3: The design of the state-of-the-art 'Reactor STM'. Reprinted with the permission from Ref.
15

. 

Copyright 2014 American Institute of Physics.   

 

An advantage of using reactor cells is that the gas leaking into the UHV chamber housing the reactor 

cell can be analyzed with a mass spectrometer to measure the reaction products. In this way, changes in 

the surface structure can be correlated with reactivity. 

 

3. Carbon Monoxide Adsorption Studies on Low Miller-Index Surfaces 

Carbon monoxide is an important molecule involved in many chemical catalytic reactions: CO 

oxidation, Fischer-Tropsch synthesis, water gas shift, and many more. It is also special because of its -

donation and π*-back-bonding adsorption mechanism on transition metal surfaces.
16

 CO is also used in 

STM and in non-contact atomic force microscopy (NC-AFM) while chemically bound to the tip apex. In 

this configuration it solves a problem that has been plaguing STM and AFM since their inception; 

standard tips have a termination of uncontrolled shape and chemical identity. By decorating the scanning 

tip with a CO molecule the problem is resolved in an easy and elegant manner. Today this widely used 

method has facilitated obtaining images with very high resolution in a routine way.
17

 We should mention 

here that more than half of the HPSTM studies are with gas mixtures containing CO, and therefore, CO 

will also be adsorbed on the metallic tip, which explains many of the highly resolved images obtained in 

these studies. Because of its historically important role in the understanding of the structure of surfaces at 

ambient pressures, we start this Review with CO adsorption studies performed with HPSTM. In this 

Section, we will focus on some transition metals on which CO adsorbs to strongly. 

CO on Pt(111): The adsorption system CO on Pt(111) was named the “Drosophila” of Surface 

Science,
18

 referring to this system as being the most studied. We owe a considerable amount of our 
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present understanding of the surface-adsorbate interaction, thermodynamics, and kinetics of adsorption to 

this specific system. In addition, one of the most impressive structures identified with HPSTM forms 

when gas phase CO is in equilibrium with the adsorbed CO molecules on the Pt(111) surface. The 

specific binding configurations of adsorbed CO molecules depend on the type of transition metal. In the 

case of Pt(111), adsorbed CO takes nonspecific binding positions when the CO pressure is higher than 10
-

6
 Torr,

19
 i.e., the steric repulsion between adjacent chemisorbed CO molecules at a high coverage plays a 

very important role in determining the binding structure of CO on the Pt(111) surface. In these high 

coverage structures formed in equilibrium with the surrounding CO gas, each adsorbed CO molecule is 

surrounded by six neighboring CO molecules forming a two-dimensional hexagonal structure with lattice 

periodicity different from that of the Pt(111) surface. As a result the CO adlayer overlapping with the 

hexagonal pattern of Pt(111) forms a moiré pattern (Figure 4a and 4b). In Figure 4a and 4b, both the 

individual chemisorbed CO molecules and the moiré pattern is resolved since they both appear brighter 

than the rest of the surface. 
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Figure 4: (a) and (b) HPSTM images of the Pt(111) surface in the presence of 0.01 Torr and 720 Torr CO 

at room temperature, respectively. The images in (a) and (b) are aligned so that the [11̅0] direction is 

oriented along the x axis. (c) and (d) show the structural model of the Pt(111) surface with adsorbed CO 

molecules in the presence of CO at 0.01 Torr and 720 Torr of CO at RT, respectively. In the ball-models 

in (c) and (d), the open circles represent Pt atoms and the blue dots CO molecules. 𝑑𝑚 and 𝑑𝑠 form angles 

Ψ (rotational angle between substrate and moiré lattice), and β (rotational angle between the substrate and 

the adsorbate lattices), respectively, relative to the [11̅0] direction of the substrate. (c) incommensurate 

structure with Ψ = 30°, β = 10.4°, dM/dS = 3.6. (d) commensurate (√19×√19) R23.4°-13CO structure with 

Ψ = 23.4°, β = 9.5°, dM/dS = 4.4. Unit cells are shown both in the HPSTM images and in the ball-models. 

Reproduced with permission from Ref.
19

. Copyright 2004 American Chemical Society. 

 

We should mention that the structures observed in Figure 4a and 4b are different from the various 

non-hexagonal and commensurate adlayer structures (all related to c(2×4) periodicity) observed in 

adsorption experiments at low temperatures performed in UHV.
20-22

 Figures 4c and 4d show ball-models 

of two adlayer structures adsorbed on the surface at different pressures. The CO adlayer is continuously 

compressed with increasing pressure, resulting in a continuous coverage variation from 0.5 to 0.7. The 

orientation of the moiré pattern, whose formation is due to the superposition of the hexagonal adsorbate 

layer with the hexagonal substrate, is also pressure dependent. At coverages between ∼0.5 and 0.6, the 

moiré pattern is rotated by 30° with respect to the [11̅0] direction, but at a coverage of 0.6, the system 

undergoes a rotational phase transition that does not change anymore by further increasing the pressure. 

According to Ref.
19

, this behavior is due to increasing importance of the repulsive lateral molecular 

interaction, which starts to dominate over the corrugation of the substrate interaction potential. 

 According to the models in Figure 4, CO adsorbs both on the top sites and near the bridge sites. This 

was later confirmed with both APXPS and IRRAS studies.
23-24

 The adsorption system CO on Pt(111) is 

unique in the sense that a moiré pattern through adsorption was not observed on any other system studied 

with HPSTM. 

CO on Pt(110): Bare Pt(110) surface is reconstructed into a (1×2) missing-row reconstruction in the 

absence of adsorbates.
25

 Figure 5a shows a model of the surface with missing-row reconstruction, on 

which the coordination number of each atom is labeled. Figure 5b shows the atomically resolved STM 

image of the Pt(110)-(1×2) surface. Interestingly, except for Pt(111), all the low Miller-index surfaces of 

Pt and Au are readily reconstructed. The reconstructed surfaces differ in energy only slightly from that of 

the (1×1) surface structure; for instance the energy per atom of the Pt(110)-(1×2) surface structure was 

calculated to be only 27 meV lower than the Pt(110)-(1×1).
26

 Without exception all surfaces that are 

readily reconstructed in their clean state undergo transformation upon chemisorption even under low CO 
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gas pressure. In the case of Pt(110)-(1×2), under CO pressures in the 10
-9

-10
-7

 mbar the coverage of CO is 

sufficient to lift the reconstruction and form a Pt(110)-(1×1) surface.
27

 This (1×1) surface, however, is not 

a perfectly flat surface, but contains still many monatomic step edges.
27-28

 Faster kinetics at 373 K 

facilitates diffusion and results in a smaller number of step edges, and channels along the [001] direction 

formed by displaced Pt atoms,
28

 as shown in Figure 5c. Figure 5c-h shows the evolution of the surface at 

373 K as a function of CO partial pressure. At low CO partial pressures (10
-5

 mbar and lower), the 

monatomic channels along the [001] direction remain, whereas the transition of the step edges from low to 

high kink-density start to become observable within minutes at CO partial pressures of 10
−3

 mbar.
28

 Further 

increase in CO partial pressure to 1 bar eventually leads to replacement of the monoatomic channel 

structure by islands elongated in the [11̅0] direction. Figure 5h shows a high-resolution image acquired in 

the presence of 1 bar CO, which shows a zigzag structure.
28

 This zigzag structure is not due to the atomic 

structure of the Pt surface, which remains (1×1), but is due to tilted CO molecules as a result of steric 

repulsion.
28 

Such zigzag pattern has also been observed in high CO coverage studies in UHV on Pt(110) 

surface,
28

 as well as on Ni(110) surface with 19° tilt angle, and on Cu(110) with 2.5° tilting in the <001> 

directions.
29

 The crystallographic notation of this zigzag pattern is (2×1)-p2mg-2CO layer. 
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Figure 5: (a) The atomic model of the Pt(110)-(2×1) surface. (b) STM image of the Pt(110)-(2×1) surface 

in UHV at room temperature (14.1×15.5 nm
2
). HPSTM images of Pt(110) at different CO pressures: (c) 

10
-7

 mbar CO, (30×30 nm
2
); (d) 10

-6
 mbar CO, (30×30 nm

2
); (e) 10

-5
 mbar CO, (100×100 nm

2
); (f) 10

-2
 

mbar, (70×70 nm
2
); (g) 1000 mbar CO (90×90 nm

2
); and (h) 1000 mbar CO (2.8×2.8 nm

2
). The contrast 

in (c-g) originates from the monatomic height differences, whereas the contrast in (h) originates from the 

tilted CO molecules on the surface. The images (c)-(h) were obtained at 373 K. Reproduced with 

permission from Ref.
28

. Copyright 2004 American Institute of Physics. 

 

The authors of Ref.
28

 explain the structural changes on the surface using DFT calculations, which suggest 

that the gain in CO binding energy on a low-coordinated step edge site relative to the high coordination terrace 

sites is similar to the formation energy of step edges. Thus, at finite temperatures step edges will form due to the 

higher entropy of a stepped surface. At low CO coverage, kink formation is not energetically favorable, while at 

a CO coverage close to saturation, CO starts to adsorb also on high-coordinated Pt atoms in the second-layer, 

and the energy gained in the kink-free channel structure vanishes. Entropic effects are then manifested as kinked 

step edges. 

This work on CO/Pt(110) is the first in the literature where roughening of the surface was observed 

with atomic-resolution real-space images,
28

 and therefore carries a significant importance in terms of our 

present understanding of the equilibrium structure of surfaces in the presence of gases. The roughening 

geometry in this case proceeds via monoatomic channel formation. In the next case, we will see 

roughening of the surface by the break-up of the surface layer into two-dimensional nanoclusters.  

CO on Pt(100): Similar to the Pt(110) surface, Pt(100) surface is also readily reconstructed in UHV: 

Instead of a square (1×1) structure, the surface overlayer forms a quasi-hexagonal structure with 6 Pt 

atoms residing on top of 5 Pt atoms of the subsurface layers. In fact, the existence of such a special 

surface structure was already suggested more than half a century ego in one of the earliest Surface 

Science studies in UHV.
30

 Figure 6a shows a model of the quasi-hex-Pt(100) surface, and Figure 6b 

shows a sample STM image acquired in UHV at room temperature. It is well established that 

chemisorption of CO lifts this reconstruction so that the topmost Pt atoms form a square lattice 

structure.
31-36

 Some of these studies were performed using LEED in UHV,
32,34-36

 which provides 

crystallographic information of the ordered part of the surface when the domain dimensions are larger 

than the coherence length of the electron beam. Smaller domains, however, would give rise to broadened 

diffraction spots, which would make crystallographic analysis of the structure more difficult. 

Additionally, in most cases, the surfaces were examined after pumping away the CO gas, which results in 

desorption of the more weakly bound CO molecules.  
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Figure 6: (a) Top and side view of the atomic model of the quasi-hexagonal reconstructed surface of 

Pt(100). (b) STM image of the reconstructed Pt(100) surface in UHV at room temperature. HPSTM 

images of Pt(100) at different CO pressures: (c-d) 2×10
-9

-10
-8

 mbar CO; (e-f) 10
-6

 to few mbar CO, 
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(38×36 nm
2
) and (10×10 nm

2
). Images were obtained at room temperature. While (c) and (d) show the 

lifting of the reconstruction, (e) and (f) show formation of Pt clusters on the surface. Reproduced with 

permission from Ref.
37

. Copyright 2009 American Chemical Society. 

 

An earlier STM study of the quasi-hex-Pt(100) after dosing a few Langmuir (one Langmuir is equal 

to 10
-6

 Torr·s of exposure) of CO suggested clusters of CO to form on patches of Pt(100)-(1×1).
33

 The 

authors of Ref.
33

 suggested adsorbed CO to be trapped on the (1×1) patches due to the difference in 

stability of CO on Pt(100)-(1×1) and quasi-hex-Pt(100) surfaces. A more recent HPSTM study agrees that 

CO lifts the quasi-hex-reconstruction (Figures 6c and 6d), but the authors propose another mechanism 

where the 20% extra Pt atoms on the surface diffuse and form rectangular clusters on the surface covered 

by CO molecules (Figures 6e and 6f).
37

 In other words, whilst Ref.
33

 suggests purely CO clusters, Ref.
37

 

suggests CO covered Pt-clusters on the surface. In the latter model, chemisorbed CO molecules at the 

edge of the clusters fan out away from the cluster due to steric hindrance between neighboring CO 

molecules. The total number of bright spots in Figure 6f corresponds to 23% of the area, close to the 

expected 20% in the model. The total area of the two-dimensional Pt-cluster coverage is 45%, but the 

clusters appear larger than they are due to the tilt of the CO molecules on the step edges. More examples 

of decoration of cluster edges with tilted CO molecules are seen in other studies discussed later in this 

Review. 

There is a discrepancy between the proposed model based on HPSTM images, and the (2×2) 

structure observed by LEED after exposing the Pt(100) to CO.
32,34-36 

The structure revealed by LEED 

refers to the large coherent domains between the small islands, whereas STM detects the top of the two-

dimensional clusters. These clusters, because of their small size, should contribute mostly to the 

background in the diffraction pattern.
37

 

To summarize the CO adsorption experiments on low Miller-index Pt surfaces: on both Pt(100) and 

Pt(110), the initially reconstructed surfaces undergo large structural changes in the presence of CO, both 

at low and at high pressures (1 mbar and above). The Pt(110) and Pt(100) are readily-reconstructed 

surfaces, and one should expect that such reconstructions would be lifted thanks to the energy provided 

by the exothermic adsorption of CO molecules on the surface. In fact, no roughening was observed on the 

unreconstructed Pt(111) surface consisting of large and flat (111) domains. Instead, a dense adlayer of 

adsorbed CO molecules covered the surface. These observations bring into question whether there are 

other transition metal surfaces where an unreconstructed and compact (1×1) surface can also undergo 

massive transformations in the presence of gases. The answer is yes, as explained in a later section of this 

Review. 
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CO on Rh(111): One of the earliest atomically-resolved HPSTM study was on CO adsorption on the 

Rh(111) surface.
38

 Similar to Pt(111), Rh(111) is not readily-reconstructed in UHV and no rearrangement 

of the surface Rh atoms were observed in the presence of up to almost 1 bar CO. Instead, similar to the 

CO/Pt(111) case discussed above, CO forms dense adsorbate layers with various structures depending on 

the pressure (Figure 7). The dense adsorbate layers of CO form a (2×1) pattern at 5×10
-8

 Torr (Figure7a), 

a (√7×√7)R19° pattern between 10
-6

 Torr and 10
-5

 Torr (Figure 7b), and a (2×2) pattern between 5 Torr 

and 700 Torr.
38

 The (2×1) structure has one CO molecule on a top site in the unit cell, which appears as a 

protrusion in the STM image.
38

 Ref.
38

 also mentions that LEED patterns obtained at this pressure have 

either (2×2) symmetry or consist of three domains of (2×1) symmetry. STM, however, shows three 

domains of (2×1) symmetry rotated by 120
°
 from each other. Structures formed above the pressure regime 

which LEED can access could therefore not be observed. Particularly interesting is the (√7×√7)R19° 

structure, which gives two different patterns: The first one is a trimer structure (ball-model is shown in 

Figure 7b-left), where 3 CO molecules adsorb on the hollow sites. The second one is similar, but with an 

additional CO sitting on a top site which gives a higher CO contrast than the CO on the hollow sites (ball-

model is shown in Figure 7b-right). The transition from the (2×1) structure to (√7×√7)R19°-3CO 

structure requires only a small increase in coverage from 0.5 ML to a mixture of 3/7 ML and 4/7 ML. At 

higher pressures, a very clear (2×2) structure can be observed in Figure 7c. The contrast here originates 

from the CO on the top sites, which has higher contrast, i.e., higher tunneling probability, than CO on the 

hollow sites. The suggested model in Ref.
38

 includes two additional CO molecules adsorbed on the 

hollow sites (ball-model is shown in Figure 7c), hence it is a (2×2)-3CO structure. 
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Figure 7: HPSTM images of the Rh(111) surface at room temperature in the presence of (a) 5×10
-8

 Torr, 

(b) between 10
-6

 and 10
-5

 Torr, and (c) between 5 Torr and 700 Torr CO. The white line in (a) shows the 

[11̅0] direction. In (a), the adsorbed CO molecules form a (2×1) unit cell. Ball models underneath the 

images in (b) and (c) show the unit cells and the structures of the CO layers formed on the 

unreconstructed (1×1) surface. Light grey: Rh atoms, dark gray: CO molecules. Images were obtained at 

room temperature. Reproduced with permission from Ref.
38

. Copyright 2000 Elsevier. 

 

In summary, Rh(111) surface does not undergo structural reconstructions involving displacement of 

Rh metal atoms at room temperature in the presence of up to almost 1 bar CO. The condensed CO forms 

the following structures: (2×1) unit cell with 1 CO on a top site at 5×10
-8

 Torr, (√7×√7)R19°-3CO unit 

cell with 3 CO on hollow sites or (√7×√7)R19°-4CO unit cell with 3 CO on hollow sites and 1 CO on a 
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top site at 10
-5

 Torr-10
-6

 Torr, and (2×2)-3CO unit cell with 2 CO on hollow sites and 1 CO on a top site 

at 5 Torr and above.
38

 

 

4. Adsorption Studies of other Molecules on Low Miller-Index Surfaces 

NO on Pd(111): In this system the adsorbate structure formed at high pressure and room temperature 

is the same as that observed at the low pressure – low temperature experiments.
39-42

 This structure has a 

(2×2)-3NO unit cell, with 0.75 ML coverage (Figure 8d). Figure 8a shows the STM image of the 

uncovered Pd(111)-(1×1) surface, whereas Figure 8b shows the STM image of the 0.75 ML NO-covered 

Pd(111) surface.
43

 Both images were obtained at room temperature, but the former in UHV and the latter 

in the presence of almost 1 bar of NO gas. Figure 8c shows the line profile across the surface, which 

shows that the NO molecule adsorbed on the top site has a higher STM contrast than that of the two other 

NO molecules on the hollow sites. 
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Figure 8: (a) STM image of the bare Pd(111) surface. (b) HPSTM image of the Pd(111) surface in the 

presence of 720 Torr NO. Both images are acquired at room temperature. The surface in (b) exhibits a 

(2×2) symmetry originating from the CO molecules attached to the surface, as shown in the ball-model 

(Pd: grey, NO: red) in (d). 3 NO molecules reside inside the (2×2) unit cell, 2 of them on the hollow sites 

and 1 of them on the top site. Top site NO molecules have a higher tunneling contrast then the NO 

molecules in the hollow sites, as shown in (c). Reproduced with permission from Ref.
43

. Copyright 2005 

American Chemical Society. 

 

NO on Rh(111): Traditional Surface Science studies on NO adsorption on Rh(111) revealed a (2×2) 

adlayer structure at a coverage of 0.75 ML. This unit cell contains 3 adsorbed NO molecules, one on top 

and two in threefold hollow sites, with the on-top molecule showing an apparent height 0.4 Å higher than 

that of the molecules on hollow sites.
44-45

 In the presence of NO in the range of 10
-8

 to 0.01 Torr at room 

temperature, the images show a (2×2)-3NO periodicity, with only one maximum per unit cell ,
46

 which is 

similar to that formed by CO on Rh(111) discussed before, where STM images also show one maximum 

per unit cell.
38

 Figure 9a-c shows the evolution of the structure of the adsorbed NO layer with time in the 

presence of 0.03 Torr NO.
46

 The series of HPSTM images in Figure 9a-c were acquired at 55 s intervals. 

Initially, the majority of the surface is covered with the (2×2) pattern although one corner of the images 

shows a small area with a (3×3) pattern. The boundary between the two zones (white line) propagates at a 

rate of about 2 nm/min from the upper-right corner towards the lower-left corner. In Figures 9a and 9b, an 

immobile defect has been marked for reference. Figure 9d shows an isolated (3×3) region (inside the 

dotted line) surrounded by the (2×2) structure. The cursor profile along A-B line in Figure 9d reveals two 

differences between the (2×2) and (3×3) structures: (i) The corrugation of the (3×3) is higher, and (ii) the 

apparent height is higher in the (3×3) regions. The (2×2) structure observed at ambient pressures is 

probably the same as that was observed in UHV studies (Figure 9d), but the (3×3) structure is new and 

exists only at ambient pressures. Figure 9d shows two potential model structures: The first (left) consists 

of one top-site NO molecule and six molecules near hollow sites, whereas the near hollow-site molecules 

are relaxed in the second model (right), so that they occupy threefold hollow sites.
46

 In both models, the 

coverage is 0.778 ML, which is only slightly higher than 0.75 ML (the highest coverage obtained in UHV 

studies thus far), but consistent with the higher pressure.
46  
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Figure 9: HPSTM images of the Rh(111) surface in the presence of 0.3 Torr NO at room temperature. (a-

c) shows the evolution of the surface covered initially with a (2×2)-3NO layer, which is replaced by the 

(3×3)-7NO. (d) shows an island of the (3×3)-7NO structure inside the (2×2)-3NO zone. The line profile 

along the A and B points are also sown, with the (3×3)-7NO zone having a higher corrugation and higher 

apparent height compared to the (2×2)-3NO zone. There are two potential arrangements of the NO 

molecules on the surface that can result in the observed (3×3) pattern, which are shown in the ball-

models. Light grey: Rh atoms, dark gray: NO molecules. Both in (2×2) and (3×3) patterns, the STM 

contrast originates from the NO molecules on the top sites. Reproduced with permission from Ref.
46

. 

Copyright 2001 American Institute of Physics. 
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Ethylene on Pt(100): Ethylene hydrogenation is a model reaction for alkene to alkane conversion 

studies. On Pt catalysts, this reaction is considered as structure insensitive as the turnover rate is found to 

be independent of the Pt catalyst structure.
47-48

 We will deal with the ethylene and hydrogen co-adsorption 

on Pt surfaces in a later section, and here we only focus on the ethylene adsorption. UHV studies of 

ethylene adsorption on the quasi-hexagonal Pt(100) surface suggest that at 120 K, C2H4 adsorbs 

molecularly as a di-σ-bonded complex, favoring the 3-fold hollow sites at the surface.
49

 At 350 K, all the 

di-σ-bonded ethylene rearranges to ethylidyne that also resides at the 3-fold hollow sites. Vibrational 

spectroscopy studies in the presence of 35 Torr ethylene have shown that both ethylidyne and di-σ-

bonded ethylene are present on the Pt(100) surface.
50

 At catalytically active temperatures and pressures, 

the pathway for ethylene hydrogenation involves the π-bonded ethylene species, whereas the 

hydrogenation of ethylidyne and di-σ-bonded ethylene occurs relatively slowly.
50

 Structural studies in 

UHV suggest that ethylene adsorption lifts the quasi-hexagonal reconstruction,
51-53

 just as in the 

previously discussed case of CO adsorption lifting this reconstruction both in UHV and at ambient 

pressures.
28

 The HPSTM studies, however, question this interpretation.
54

 Figure 10a shows the STM 

image of the Pt(100) surface in the presence of 5×10
-6

 Torr ethylene where the surface appears broken up 

into clusters of (1×1) domains, as previous studies predicted. Once the ethylene pressure is increased to 1 

Torr, the surface structure remains similar (Figure 10b).
54

 Interestingly, however, if 1 Torr ethylene is 

dosed directly (i.e., without keeping with the sample in the 5×10
-6

 Torr ethylene environment), the quasi-

hexagonal structure remains unchanged to a large extent (Figure 10c).
54

 The discrepancy between the two 

observations is attributed to contamination with CO, which as we previously mentioned can lift the quasi-

hexagonal reconstruction of the surface even at very low pressure.
28

 In the present case, the increase in the 

partial pressure of background CO in the UHV chamber after dosing ethylene, is very low but still 

sufficient to cause structural changes. However, once a complete layer of ethylidyne and di-σ-bonded 

ethylene covers the surface (measured with APXPS spectra in Ref.
54

), it prevents the subsequent 

adsorption of background CO, thereby preserving the quasi-hexagonal structure.
54
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Figure 10: HPSTM images of the Pt(100) surface at room temperature in the presence of (a) 5×10
-6

 Torr 

ethylene, (b) after ethylene pressure was increased up to 1 Torr, (c) after directly dosing 1 Torr ethylene. 

Whilst the quasi-hexagonal overlayer structure of the surface Pt atoms is retained in (c), low pressure 

dosing resulted in clustering in (a), most likely due to co-adsorption of the background CO molecules. 

Reproduced with permission from Ref.
54

. Copyright 2013 American Chemical Society. 

 

5. Adsorption on Low Miller-Index Surfaces  of 'Soft' Metals (Copper and Gold)  

5.1 CO on Low Millex-Index Cu Surfaces 

CO on Cu(111): Unlike CO adsorption on Pt and Rh mentioned in Section 3, the CO adsorption on 

Cu is much weaker. Therefore, CO can stay on Cu surfaces at UHV-compatible pressures only at 

cryogenic temperatures. At room temperature however, a high coverage can be obtained in equilibrium 

with a sufficiently high pressure (e.g., 0.1 Torr and above). On Cu(111), the most common structure of 

adsorbed CO at low temperature is the (√3×√3)R30°,
55 and there is a plethora of different condensed and 

dilute CO adlayer structures on the Cu(111) surface depending on the dose and sample temperature.
55-56

 

The Cu(111) surface behaves very differently when it is exposed to CO gas at ambient pressures than 

in UHV, as Figure 11 illustrates.
57

 Figure 11a shows an image of the clean Cu(111)-(1×1) surface in 

UHV, together with an atomically resolved image of the terrace in the inset. After introduction of 0.1 Torr 

CO in the chamber a new structure was observed along the step edges, while the rest of the terrace 

remained atomically flat (Figure 11b).
57

 At 0.2 Torr the terraces became covered with clusters (Figure 

11c), which increased in number with CO pressure. Above 10 Torr the clusters filled nearly completely 

the surface as shown in Figure 11d.  Figure 11e shows a magnified image of the surface in the presence of 

0.2 Torr CO at room temperature. The surface consists of small metal clusters formed by Cu atoms 

detached from the kink and step sites.
57

 A roughly bimodal size distribution is apparent, with larger 

hexagonal-like shaped clusters with ~1.5 nm diameter and smaller poorly resolved triangular shaped 

clusters with ~0.5 nm diameter. The larger clusters are assigned to 19-Cu-atom clusters forming 

hexagonal closed shell structures (typically with an apparent height corresponding to a monatomic step). 

Adsorption of CO molecules to each Cu atom at the periphery results in net energy gain, as predicted by 

DFT calculations. The driving force is the gain in energy by adsorbing CO to the newly formed under-

coordinated sites, which provides the energy to detach the Cu atoms from the steps and form the clusters. 

The fact that only six bright spots are observed at the periphery of the hexagon is related to the electronic 

structure and tunneling probability of the different CO molecules, as explained in detail in Ref.
57

. The 19-

atom closed shell structures are known in the literature to be the building blocks for the homo-epitaxial 

Cu growth on Cu(111).
58

 The smaller clusters could not be resolved by the STM tip but their size 

indicates that they probably contain 3-Cu atoms. Their apparent height is about half that of a monatomic 
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step, as found also in other UHV studies.
59

 The clusters are not static with time, but fluctuate by 

coalescing with other clusters or by adding atoms and also splitting in two in time scales of minutes, as 

evidenced with time-lapse HPSTM images that could be captured thanks to the slow kinetics of the 

process at room temperature. As mentioned above at pressures in the 10–100 Torr range, the Cu(111) 

surface was found to be completely covered with clusters that are larger and closer to each other. Figure 

11d shows an example of the topography of the surface under 10 Torr CO with clusters densely covering 

adjacent terraces separated by monatomic steps. The clusters are densely covered by CO molecules, 

imaged as bright spots, separated by distances of √3 and 2 times the atomic periodicity, and aligned in 

directions forming 60 and 90 degrees between them, which can be interpreted as arising from atop CO 

molecules in local (2×2)-3CO and c(4×2) geometries and coverages of 0.75 and 0.5 ML, respectively. 
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Figure 11: (a) STM image of the bare Cu(111) surface. HPSTM image of the Cu(111) surface in the 

presence of (b) 0.1 Torr CO, (c) and (e) in the presence of 0.2 Torr CO, and (d) in the presence of 10 Torr 
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CO. All images were acquired at room temperature. The HPSTM images show the breaking up of the 

Cu(111) surface into clusters as a function of CO pressure. The hexagonal 19-atom clusters can be seen in 

(e), and they are visually clearer in the two-color contrast used in the inlet. DFT calculations can generate 

similar images of the clusters, with their periphery covered with adsorbed CO molecules. Reproduced 

with permission from Ref.
57

. Copyright 2016 American Association for the Advancement of Science. 

 

CO on Cu(100): The Cu(100) surface behaves very similar to the Cu(111) surface in the presence of 

CO gas at room temperature. Whilst adsorption studies in UHV and at cryogenic temperatures show a 

dense (√2×√2) adsorbate layer at the highest coverage,
60

 the surface breaks up into clusters at room 

temperature in the mbar pressure range.
61

 Figure 12a-i shows STM images of the Cu(100) surface in the 

presence of 0.25 mbar CO, which appears broken up into rectangular nanoclusters with edges oriented 

along <001> directions. The smallest of these clusters consist of 5 atoms, as shown in Figure 12a-ii. 

Away from the edges, several terrace regions are seen with the (1×1) periodicity (Figure 12a-iii), whereas 

the step edge atoms of nanoclusters and terraces are spaced by √2 times the Cu–Cu distance. As the 

pressure is increased to 20 mbar, the clusters increase in size and number (Figure 12b-i). Two structures 

can be observed: Some regions on the surface have a local (√2×√2) arrangement of adsorbed CO 

molecules, similar to that formed at saturation coverage in UHV at cryogenic temperatures.
61

 The second 

and more dominant structure consists of elongated 3-atom wide nanoclusters (Figure 12b-ii) oriented 

along the <001> directions. As the pressure is increased to 115 mbar (Figure 12c-i), the elongated 

nanoclusters appear more numerous than at 20 mbar. Both in Figure 12b-ii and in Figure 12c-ii, the bright 

spots due to CO form a zigzag pattern along the <001> directions, with the central line of molecules 

showing higher contrast than those in adjacent lines. The zigzag originates from CO molecules repelling 

each other so that they tilt in opposite directions in neighboring molecules along the chain. This was also 

previously found in UHV at high CO coverage
29

 for CO on Pt(110).
28

 The higher contrast of the central 

line is due to CO molecules pointing upward, whereas CO molecules adsorbed to the adjacent rows are 

tilted due to repulsion between neighboring molecules. Most of the one-dimensional nanoclusters are 

separated by roughly 1 nm from each other, dictated by steric repulsion. DFT calculations confirm the 

formation of the 3-atom wide one-dimensional clusters, and simulated STM images also show both the 

higher STM contrast and the zigzagging of the middle row (Figure 12b-iii). 
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Figure 12: HPSTM images of the Cu(100) surface in the presence of (a) 0.25 mbar, (b) 20 mbar, and (c) 

115 mbar CO, measured at room temperature. In (a-i), the surface appears broken up into two-

dimensional nanoclusters, with edge of the clusters oriented along the <001> directions. The smallest 

clusters consist of 5 atoms, shown schematically in (a-ii). Some terraces still exhibit the (1×1) periodicity 

as shown in (a-iii). In (b-i) and (c-i), the surface consists of the linear clusters elongated along the <001> 

directions. These linear clusters have a width of 3 atoms, with CO occupying all the top sites on the 

clusters. The middle row appears higher in STM as the CO is pointing upwards (b-ii and c-ii), and shows 

zigzag features. Simulated images generated using DFT calculations (b-iii) also show this higher 

tunneling probability and the zigzagging of the middle row. The rectangular box marked in (b-i) shows 

the atomically resolved image of the surface in UHV, measured prior to the other images shown in (b) 

and (c). Dashed red line in (c-i) shows a change in the tip, which changes the STM contrast obtained from 

the linear clusters but the aforementioned general trends still hold. Reproduced with permission from 

Ref.
61

. Copyright 2016 Elsevier. 

 

CO on Cu(110): The Cu(110) surface also breaks up into clusters, but rather mildly compared to 

Cu(111) and Cu(100) surfaces. This is likely because the coordination number of the Cu(110) surface is 

lower than that in the other two surfaces, hence CO adsorbs stronger on the Cu surface atoms and there is 

less energy gain in creating more low coordinated Cu atoms. The adsorption energies were measured as 

0.49 eV, 0.53 eV and 0.56 eV respectively for Cu(111), Cu(100) and Cu(110) with thermal desorption 

spectroscopy.
62

 As shown in Figure 13, the initially flat Cu(110) surface (Figure 13a) restructures into 

short (1–3 nm) linear clusters along the [110] direction separated by two lattice distances along the [001] 

direction, as shown in Figures 13b and 13c, acquired at room temperature in the presence of 1 Torr CO. 

This is due to missing rows of atoms. A few rows can also be seen in the images spaced by three lattice 

distances,
63

 due to either double or triple missing rows. The latter, with two missing rows in the first layer 

and one missing row in the second layer, are difficult to distinguish from double missing rows in the 

images. Figure 13d shows proposed models of the surface forming linear nanoclusters. The terminating 
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Cu atoms of these short clusters have a coordination number of 6, while the rest of Cu atoms are 

coordinated with 7 other Cu atoms similar to a bare Cu(110) surface. 

 

 

Figure 13: Cu(110) surface imaged with STM at room temperature (a) in UHV and (b-c) in the presence 

of 1 Torr CO. (d) Ball model of CO adsorbed on linear clusters in the form of missing rows and triple 

missing rows, denoted with MR and TMR, respectively. Reproduced with permission from Ref.
63

. 

Copyright 2016 American Chemical Society. 

  

Infrared spectroscopy: In STM and other microscopies, the results can sometimes be difficult to 

interpret, and to some degree subjected to “viewer selectivity”. For this reason it is important when 

studying new phenomena, such as the clustering induced by CO, to use other techniques to support the 

models inferred from the images. IRRAS is an excellent technique for this purpose because the CO 

stretching frequency shifts depending on the coordination number of the adsorption site. There are many 

factors affecting the frequency of a vibrational state of an adsorbed species compared to that of a gas 
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phase species: renormalization due to the formation of the M-CO bond (i.e., change in effective mass of 

C), interaction of the vibrating dipole with its image in the metal, and chemical effects such as back-

donation which change the C-O bond strength, etc.
7
 Fortunately, there are many reference works on CO 

adsorption on Cu surfaces. They all indicate that the CO stretching frequency increases with decreasing 

coordination number of the adsorption site,
64

 implying that as the surface breaks up into clusters in the 

presence of CO, new CO adsorption peaks should appear in the IRRAS spectrum, due to the generation of 

lower coordination sites. 

Figure 14 shows IRRAS spectra obtained in three different studies of CO adsorption at ambient 

pressures. Figure 14a shows results from CO on Cu(100), where the adsorbed CO stretch features appear 

as two peaks at low pressures at 265 K.
65

 As the pressure increases, the two peaks collapse into one peak, 

positioned at 2086 cm
−1

, which is a higher wavenumber compared to CO on Cu(100) obtained at low 

temperature. There were no HPSTM studies at the time, but now we can attribute this change to the 

clustering of the surface, which shows that at 265 K CO could be present both on 8-coordinated metal 

sites and on the edges of the newly formed clusters, although there should be fewer clusters at this 

temperature compared to room temperature. With fewer clusters the two peaks should collapse into one as 

the pressure increases, due to intensity borrowing of the high wavenumber feature from the low 

wavenumber feature due to coupling between two vibrational modes. Another example of intensity 

borrowing is observed in the CO adsorption on the Pt(533) surface at cryogenic temperatures.
66

 

A more recent study performed on the Cu(110) surface shows that at cryogenic temperatures only a 

peak at 2086 cm
−1

 is visible (reference spectrum at the top), due to CO adsorbing on Cu(110)-(1×1), but 

two peaks arise when CO is adsorbed at ambient pressures at around 2084 and 2099 cm
−1

, which are 

attributed to CO bound to top site Cu atoms with coordination numbers of 7 and 6, respectively (Figure 

14b).
63

 This is in line with the HPSTM observations: The surface breaks up into clusters in the form of 

missing rows, with the edge of the clusters having a coordination number of 6. A more recent study was 

conducted on Cu(100) in the presence of 0.1 mbar CO, with the temperature increasing from 200 K to 300 

K.
67

 While at 200 K CO adsorbs on 8-coordinated surface Cu atoms of Cu(100)-(1×1), as evidenced by a 

single absorption peak at 2082 cm
−1

, another peak appears at 2112 cm
-1

 when the surface temperature is 

increased to 225 K (Figure 15c). This new peak is due to ad-atom formation on the surface, facilitated 

through CO adsorption which weakens the Cu-Cu bonds and thus facilitates detachment of step and kink 

sites atoms.
57

 Finally, at room temperature, two intense peaks are present at 2093 cm
-1

 and 2103 cm
-1

, due 

to CO adsorbed on 5-atom clusters and on single adatoms,
67

 in accordance with HPSTM experiments 

discussed above. A third peak, with much weaker in intensity, is present at 2074 cm
-1

, which is assigned 

to small amounts of CO on the on the 8-coordinated surface Cu atoms. 
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Figure 14: IRRAS spectra of CO adsorption at ambient pressures on (a) Cu(100), (b) Cu(110), and (c) 

one more time on Cu(100) surface. The spectra show additional features when CO is adsorbed at ambient 

pressures compared to CO adsorption at low pressure – low temperature studies, associated with the 

formation of newly formed low-coordinated sites on the surface. For instance, in (b), the reference 

spectrum shows an adsorption experiment at cryogenic temperature, which only shows 1' peak. At 

ambient pressures, an additional 2' peak appears. Adapted with permission from Ref.
65

, Ref.
63

, and Ref.
67

. 

Copyright 1992 Elsevier, 2016 American Chemical Society, and 2019 American Chemical Society. 

 

In summary, the IRRAS experiments support the HPSTM observations regarding the break-up of the 

Cu surfaces in the presence of CO in the Torr/mbar pressure regime at room temperature. 

 

5.2 CO on Low Millex-Index Au Surfaces 

Au and Cu have similar cohesive energies (3.81 eV/atom for Au and 3.49 eV/atom for Cu), so we 

can expect similar behavior between Au and Cu surfaces in the presence of gases. However, on Au CO 

adsorbs very weakly. Therefore, to produce enough CO coverage to drive reconstructions higher 

pressures may be needed. Another difference is that all three low Miller-index surfaces of Au are 

reconstructed, two of them forming denser top layer structures with more atoms than the bulk terminated 

(1×1). Such reconstructions are easily lifted and the surface becomes covered with clusters formed by the 

extra atoms of the initial surface.   

CO on Au(110): In vacuum, the Au(110) surface has a reconstructed (1×2) structure. Figure 15a-c 

show the STM images of this structure before and after 20 Torr CO was introduced, which lifts the 

reconstruction to form large two-dimensional clusters on the surface.
68

 The authors interpreted the result 



32 
 

as the surface structure becoming (1×1). Complementary IRRAS analysis shows the adsorbed CO peak 

on the Au(110), with an intensity increasing as expected with increasing pressure (Figure 15e). 

Interestingly, the spectra acquired in the presence of 20 Torr CO show a decrease of the intensity of peak 

at ~2110 cm
-1

 with time (Figure 15f). The authors attribute this to the hydrocarbon contamination 

building up on the surface (base pressure of 10
-9 

Torr), which they measured with XPS after the CO 

dosing experiments.  

 

Figure 15: HPSTM images of the Au(110) surface acquired at room temperature (a-b) in UHV, (c) in the 

presence of 20 Torr CO, and (d) after the chamber is evacuated to vacuum. The arrows indicate the 

<11̅0> directions. (a) and (c) are 350×350 nm
2
, whereas (d) is a 150×150 nm

2
 image. The surface appears 

different in (c) from that in (a). The original (1×2) reconstruction is partially recovered in (d). (e) The 

IRRAS spectra at various CO pressures, and (f) time-lapse IRRAS spectra in the presence of 10 Torr CO. 

The chemisorbed CO peak disappears with time, which was attributed to hydrocarbon contamination 

building up. Reproduced with permission from Ref.
68

. Copyright 2002 Elsevier.  

 

CO on step edges of Au(111) #1: Although the experiments were not done at ambient pressures, we 

included Ref.
69

 here, as the results in this study are relevant to adsorbate-driven clustering. Figure 16 

shows images of the Au(111) surface before and after CO adsorption experiments at 110 K. The 

hexagonal islands in the images were formed by Ar
+
 sputtering. After CO adsorption small nanoparticles 

were formed attached to the edges of the islands, which in addition lose their hexagonal shape. These 

changes were attributed to the weakening of Au-Au bonds by CO adsorption on the step and kink sites, 

and thereby facilitating the movement of the Au adatoms on surface.
69

 Similar arguments were used to 

explain the restructuring of Cu(111) in Ref.
57

. 
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Figure 16: STM images of a Au(111) surface with hexagonal pits formed by Ar
+
 sputtering, before (left) 

and after (right) CO adsorption at 110 K. Reproduced with permission from Ref.
69

. Image sizes are 

200×200 nm
2
, and 27×27 nm

2
 for the insets. Copyright 2008 American Chemical Society.  

  

CO on step edges of Au(111) #2: A study similar to that of Ref.
69

 was performed in Ref.
70

  The STM 

measurements were performed in UHV at room temperature after long exposure of the surface to CO gas. 

After ~10
4
 Langmuir exposure the hexagonal shape of the pits was found to have deformed and some 

small clusters appeared both at the edge of the pits and on some of the terrace sites.
70

 After increasing the 

dose to 10
5
 and then to 10

6
 Langmuir, the clusters on the terraces increased in density and the herringbone 

reconstruction (Au(111)-(22×√3)) was lifted.
70

 

CO on Au(111): CO adsorption at ambient pressures was also shown to lift the herringbone 

reconstruction of the Au(111) surface.
71

 Figures 17a and 17c show the STM images of the Au(111)-

(22×√3) surface in UHV and Figures 17b and 17d show the HPSTM images of the Au(111)-(1×1) surface 

in the presence of 100-250 Torr CO. The surface reconstruction is lifted by CO, and the surface in Figure 

17d shows steps decorated with clusters, likely originated from the extra atoms of the herringbone 

reconstruction, which represent ~4.4% of the surface atoms, and therefore not many clusters are apparent. 

IRRAS spectra shows a clear adsorbed CO peak on the Au(111) surface, with stretching frequency at 

~2060 cm
-1

, with an intensity increasing with pressure.
71

 This means CO adsorbs as a two-dimensional 

gas, which is not visible in the HPSTM image in Figure 17b.  
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Figure 17: STM images of the Au(111) surface at RT (a) under 10
-9

 Torr, image size is 108×108 nm
2
; (b) 

under 250 Torr CO pressure, image size is 7.5×7.5 nm
2
; (c) under 10

-9
  Torr, image size is 490×490 nm

2
; 

(d) under 100 Torr CO pressure, image size is 950×950 nm
2
. Reproduced with permission from Ref.

71
. 

Copyright 2004 Elservier.  

 

We can conclude that the Au surfaces have a tendency to form clusters in the presence of CO, which 

originate from the extra atoms of the surface reconstructions, and from atoms detached from the steps. 

However, the density of clusters is less than those observed on Cu surfaces in the presence of CO gas. 

 

5.3 Other Gases on Low Millex-Index Cu Surfaces 
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In Subsection 5.1, we have seen that in the presence of CO gas the low Miller-index Cu surfaces 

break up into clusters. As we will show now, this is not the general case. It is important to establish why 

clustering happens with certain gases and why it does not with others. We will investigate two other gases 

on Cu(100): One is CO2 where the surface breaks up into clusters, the other CH3OH vapor where it 

remains intact. We will also review H2 on Cu(111), which also does not induce cluster formation on the 

surface.  

H2 on Cu(110): The H/Cu(110) system has been the subject of a few studies in UHV. They all show 

the formation of a hydrogen-induced (1×2) missing-row reconstruction, with every second close-packed 

[11̅0] Cu row is removed.
72-74

 HPSTM studies of the Cu(110) surface in the presence of 1 bar of hydrogen 

gas shows the periodicity changing from (1×1) to (1×2), as shown in Figures 18a and 18d.
75

 The latter 

structure originates from the missing-row construction caused by atomic hydrogen, similar to the surface 

structure observed in UHV. The atomic hydrogen is produced by the activation and breaking of the H-H 

bond on the Cu(110) surface. The high activation energy of H-H bond breaking, however, makes the 

process kinetics very low.
75

 In high vacuum, this step can be skipped using atomic H produced by 

cracking H2 molecules with a hot filament near the sample surface.
76

 The thermal desorption peak of 

atomic hydrogen on Cu(110) surface appears at 340 K, which means hydrogen already starts desorbing 

from the surface at room temperature, but at slow rates.
75

 As a result of desorption, 25 min after the 

evacuation of 1 bar H2, the STM images revealed the (1×1) structure of the bare surface (Figure 8e).
75

  

Figures 18b and 18c show the surface structure at intermediate H2 pressures of 2 mbar and 20 mbar, 

respectively. At 2 mbar, the surface still appears as (1×1) due to low coverage of atomic hydrogen (Figure 

18b).
75

 At 20 mbar, however, the surface has three different structures: (1×1) due to bare Cu(110) with 

locally low atomic hydrogen coverage, (1×2) missing-row reconstruction with locally high atomic 

hydrogen coverage, and a disordered structure which is a transient state between the two ordered (1×1) 

and (1×2) surface structures (Figure 18c).
75

 Figure 18f shows the room temperature Langmuir isotherm of 

the atomic hydrogen coverage from 0 ML to 0.5 ML.  
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Figure 18: HPSTM images of the Cu(110) surface at room temperature (a) in UHV, and in the 

presence of (b) 2 mbar H2, (c) 20 mbar H2, (d) 1 bar H2, and (e) after 1 bar H2 is pumped away. A 

transition from the (1×1) structure of the bare Cu(110) surface to the (1×2) corresponding to the missing-

row construction with increasing H2 pressure is apparent in the images. (f) shows the Langmuir isotherm 
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of atomic hydrogen coverage. Reproduced with permission from Ref.
75

. Copyright 2001 American 

Institute of Physics 

 

CO2 on Cu(100): In the presence of 1 Torr CO2, Cu(100) surface becomes covered with a fraction of 

a ML of atomic oxygen. The atomic oxygen originates from the dissociation of CO2 on the surface, as 

evidence from the APXPS spectra and from the appearance of dark spots formed by O atoms in the 

HPSTM images.
77

 A recent study proposes that the step edges are the active sites in the dissociation of 

CO2 on a Cu(100) surface.
78

 Once the CO2 pressure is increased to 20 Torr, the terraces become covered 

with clusters, with roughly half of their edges oriented along the <011> orientations and the other half 

showing no preferential orientation (Figure 19).
77

 This is different from the clusters formed in the 

presence of pure CO where all the edges of clusters and steps align along the <001> orientations.
61

 The 

formation of clusters in the presence of CO2 is likely driven by the energy gain from the binding of 

oxygen atoms from the dissociated CO2, and from the CO adsorbed on step edges and favoring the 

detachment of Cu atoms. However, CO does not remain attached to the clusters at room temperature due 

to its low binding energy so that only the atomic oxygen remains on the surface. The surface in Figure 19 

is covered with atomic oxygen that originated from CO2 dissociation, as evidenced from the APXPS 

results. 

 

Figure 19: (a) Large-view and (b) close-up HPSTM images of the Cu(100) surface in the presence of 20 
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Torr CO2 at room temperature. The surface breaks up into clusters, roughly half of them with edges 

oriented along the <011> directions. The step edges of the clusters were oriented along the <001> 

directions in the presence of CO (Figure 12). Reproduced with permission from Ref.
77

. Copyright (2016) 

American Chemical Society. 

 

Methanol on Cu(100): Unlike the case of CO and CO2, no clustering of the Cu(100) surface was 

observed in the presence of methanol vapor.
79

 HPSTM images taken in the presence of 0.01–0.2 Torr 

CH3OH at room temperature show a (√2×√2)R45° adlayer structure (Figure 20), which is due to a 

methoxy saturated surface, as shown by APXPS.
79

 Sum frequency generation studies in Ref.
80

 also 

suggests polycrystalline Cu foils to be covered with methoxy in the presence of methanol vapor. The 

absence of cluster formation could be understood by the small difference in the adsorption energy of 

methoxy on cluster edges compared to terraces, which is not sufficient to compensate the energy cost of 

detachment of Cu atoms to form clusters. Methoxy adsorption energies calculated by DFT in the literature 

varies widely,
81-84

 but a study comparing the adsorption energies on terraces and step edges predicts very 

similar energies,
84

 which supports the lack of cluster formation in the presence of methanol. 

 

Figure 20: (a) HPSTM image of the Cu(100) surface in the presence of 0.01 Torr methanol vapor at room 

temperature. (b) Derivative image of (a) to enhance the contrast on the terraces. While most of the surface 

exhibits a (√2×√2)R45° structure due to adsorbed methoxy, the area inside the ellipse has a different 

structure. Reproduced with permission from Ref.
79

. Copyright (2018) American Chemical Society. 

 

6. Reaction Studies on Low Miller-Index Surfaces 



39 
 

6.1 CO Oxidation  

CO oxidation reaction is important for the mitigation of the pollutants generated by vehicles, and it 

can also be considered prototypical for more complicated oxidation reactions.
85

 It is also the most studied 

reaction with HPSTM, because it involves only two reactant adsorbates and one product, which does not 

remain adsorbed on the surface, thus simplifying interpretation of the images. 

 

6.1.1 CO Oxidation on Pt Surfaces 

According to Ref.
86

, there is a steady increase in the number of papers that deal with CO oxidation 

on Pt surfaces between 1975 and 2015, reaching almost 80 papers in 2015, showing that this topic 

continues to attract a great deal of interest. We also note that CO oxidation on Pt was one of the topics 

discussed in the Nobel Prize in Chemistry Lecture in 2007.
2
 We can thus consider CO oxidation on Pt the 

“Drosophila” of surface chemistry reactions. 

CO oxidation on Pt(111): Although not performed at ambient pressures, one of the most important 

studies on CO oxidation was performed on the Pt(111) surface more than two decades before this Review. 

Even at pressures in the ~10
-8

 mbar range, CO was found to remove oxygen adsorbed on the Pt(111) 

surface in the scale of minutes at 247 K.
87

 Whilst oxygen was pre-adsorbed in the form of a (2×2) 

structure with islands covering the surface, CO gradually formed islands of c(4×2) structure by removing 

the oxygen at the boundaries (Figure 21).
87

 A kinetics analysis showed that the reaction rate scaled with 

the boundary length instead of the product of the total coverage of each adsorbate (mean-field 

approximation), which assumes a random distribution of the reactants.   
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Figure 21: Time-lapse STM images of Pt(111) acquired during the reaction of pre-adsorbed oxygen 

atoms with co-adsorbed CO molecules at 247 K. The surface was initially partially covered with a (2×2)-

O adlayer structure, which is gradually replaced by a c(4×2)-CO structure in the presence of 5×10
-8

 mbar 

CO. Times on the images are referring to the start of the CO exposure. Image sizes are 18×17 nm
2
. The 

Oad+COad→CO2 reaction takes place at the frontiers between the O- and CO-covered regions. Reproduced 

with permission from Ref.
87

. Copyright 1997 American Association for the Advancement of Science. 

 

CO oxidation on Pt(110) #1: CO oxidation on various Pt surfaces is well-known to exhibit an 

oscillatory behavior, i.e., the CO2 production oscillates with time in a wide pressure range.
88-89

 On the 

Pt(110) surface, at low pressures this was associated with the transformation from a CO-covered (1×1) 

surface to atomic oxygen covered (1×2) surface.
2
 Note that the bare Pt(110) surface also exhibits a (1×2) 

reconstructed surface (so-called 'missing row'), but the oxygen covered (1×2) structure might be different 

from this bare structure, as we will discuss shortly. One of the earliest catalytic reaction studies with 

HPSTM was performed on the Pt(110) surface,
90

 and suggested an alternative explanation to the 

oscillatory behavior. Simultaneously acquired STM images of the Pt(110) surface and mass spectra of the 

leaked gas outside of the STM-reactor cell is shown in Figure 22.
90

 The total pressure was fixed to 0.5 bar 

and the surface temperature was kept at 425 K. The top HPSTM images in Figure 22 show the first cycle, 

whereas the bottom images show the second cycle, which show similar results, therefore we will only use 

the first cycle to discuss the results. The analysis starts with a flat, CO-covered surface in the presence of 

CO gas (Figure 22a). After the CO gas influx was shut off and O2 introduced the surface remained 

initially flat (Figure 22b), but after certain time it became rough (Figure 22c) with protrusions of 0.2-0.4 
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nm height and 4-7 nm width.
90

 A very significant increase in the CO2 production starts at about the time 

when the surface becomes rough. It is argued in Ref.
90

 that the rough surface is due to formation of an 

oxide. Once the O2 gas influx into the reactor cell is stopped and CO is introduced again, the surface 

structure changed back to being flat (Figure 22e). 

 

Figure 22: Top: Mass spectra of O2, CO, and CO2. Bottom: HPSTM images (image sizes are 210×210 

nm
2
) of the Pt(110) surface in the presence of CO and O2, while the surface is kept at 425 K. Mass spectra 

were obtained during the acquisition of the HPSTM images, by collecting the leaked gas from the reactor 

cell. Labels A-H indicate corresponding mass spectra and HPSTM images. There is a correlation between 

the roughening of the surface due to thin oxide layer formation and the higher amount of CO2 production. 

Reproduced with permission from Ref.
90

. Copyright 2002 American Institute of Physics. 
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The reaction analysis in Ref.
90

 shows that it occurs in two branches, the high and the low rate 

branches, the former corresponding to the oxidized surface and the latter corresponding to the reduced 

surface, respectively. It was also argued that in both branches the reaction rates depend only on the 

concentration of the minatory reactant, i.e. the high reaction rate depends on CO partial pressure, and the 

low reaction rate depends on the O2 partial pressure. The ratio of surface coverage of CO to O is probably 

more relevant than the partial pressures, but there is no access to this information. According to the 

authors' interpretation the oxide film on the surface is the most active phase and the reaction mechanism 

is similar to the Mars-Van Krevelen type.  

The authors argue that the roughening of the surface plays a minor role. The reactivity solely 

depends on the oxidation state of the surface and the concentration of each gas in the mixture. This is the 

dominant mechanism behind the oscillatory behavior of the reactivity to at ambient pressures, whereas 

changes in the surface reconstruction plays a role at low pressures. 

 

CO oxidation on Pt(110) #2: After more than a decade the authors of Ref.
90

 revisited their previous 

HPSTM study on the CO oxidation on the Pt(110) surface, with better resolved images.
91

 We will discuss 

these results together with the surface diffraction results of Ref.
92

 obtained under similar conditions. The 

HPSTM images in Figure 23 show that the surface exhibits the well-known (1×2) missing-row 

reconstruction (Figure 23a), which transforms into a (1×1) structure when the CO:O2 partial pressure ratio 

is over 0.2 (Figure 23c). The (1×2) to (1×1) transformation initially causes slight roughening of the 

surface (Figure 23b). This roughness originates from the fact that the unreconstructed (1×1) surface has 

twice as many Pt atoms on the surface than the missing-row reconstructed surface, therefore extra atoms 

will either migrate to the step edges or will form clusters on the terraces. This rough surface flattens with 

time (Figure 23c), and the (1×1) structure becomes visible. Once the partial pressure ratio is switched to 

oxygen-rich conditions with CO:O2 partial pressure ratio below 0.2, a (1×2) structure reappears on the 

surface (Figure 23d). This structure, however, is not the missing row reconstruction, but rather a 

commensurate surface oxide structure stabilized by carbonate species. This model was first suggested by 

surface diffraction and DFT studies in Ref.
92

. The (1×2) pattern originates from the 'lifted-row' of atoms 

in this commensurate oxide model. An indirect evidence that the (1×2) pattern in Figure 23d is not due to 

missing-rows is the lack of surface roughening during the transformation, because this would require 

some mass transport. Once the gas mixture is switched back to the CO-rich conditions, the surface again 

exhibits a slightly rough (1×1) surface (Figure 23e). 
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Figure 23: HPSTM images and ball-models of the CO oxidation reaction on the Pt(110) surface at 1 bar 

total pressure at 433 K surface temperature. The letters label corresponding images and ball-models. (a) 

Missing-row Pt(110)-(1×2) surface in vacuum, which transform to a CO-covered Pt(110)-(1×1) surface 

under CO-rich gas, as shown in (c). This transformation occurs via mass transfer on the surface, as 

evidenced by the rough surface in (b). (d) The lifted-row Pt(110)-(1×2) surface due to a commensurate 

oxide layer on the surface stabilized by carbonate species. (g) When the oxygen partial pressure is 

increased to higher values, a new incommensurate oxide structure forms on the surface. Both the structure 

in (d) or (g) can transform back to a CO-covered Pt(110)-(1×1) surface when the gas phase is switched 

back to CO-rich. In (a) and (c-e) image sizes are 4.5×4.5 nm
2
, whereas in (b) image size is 15×15 nm

2
. 

Reproduced with permission from Ref.
91

. Copyright 2015 Elsevier. 

 

Figure 23 also shows ball-models of the each state in oxygen-rich and CO-rich conditions. An 

additional structure in this model is the incommensurate oxide structure (Figure 23g), which was not 

observed in the HPSTM study. This oxide structure requires higher oxygen partial pressures, which were 

not achieved in the reactor cell used in Ref.
91

. 

 

6.1.2 CO Oxidation on Pd Surfaces 

CO oxidation on Pd(100): One of the early HPSTM studies on CO oxidation was performed on a 

Pd(100) surface, and the results were similar to those observed on the Pt(110) surface discussed above.
90

 

Pd, like Pt, is a very active catalyst in CO oxidation; but, unlike Pt, it has 4d-valence electrons with no 

readily reconstructed surface. Therefore, it is not possible to attribute the activity of this surface to surface 

reconstructions under reaction conditions. However other changes in the surface morphology might still 

happen and affect reactivity. Figure 24 shows the evolution of the Pd(100) surface at 408 K in the 

presence of 1.25 bar of either oxygen-rich or CO-rich gas mixture, together with the mass spectra 

obtained simultaneously with HPSTM images. Whilst the surface is relatively flat in the presence of CO-

rich gas mixture, it undergoes severe roughening in the presence of oxygen-rich gas mixtures. The 

flatness of the surface is recovered to a large extent once the gas mixture is changed back to CO-rich 

conditions (Figure 24).
93

 Structurally, only a few differences exist between the CO oxidation studies on 

Pt(110) and Pd(100): Firstly, on Pd(100), the roughening of the surface is more severe under O2-rich 

conditions than on Pt(110), and prolonged exposure leads to a polycrystalline surface with 4-16 nm wide 

grains (Figure 24c shows the early phases of this transformation). Secondly, after each cycling, the 

flatness of the Pd(100) surface is not fully recovered under CO-rich conditions, as small islands of 

vacancies and adatoms appear (Figure 24f-h), which is not observed on the Pt(110) surface. In terms of 

reactivity trends, both surfaces are very similar: the CO2 production is scaled with the partial pressure of 
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the minority reactant, and the oxide is more active, following a Mars-Van Krevelen-like reaction 

mechanism, whereas in the metallic state it follows a Langmuir-Hinshelwood reaction pathway.
90,93

 In 

more recent surface diffraction studies, the same authors discuss the oscillatory behavior and the surface 

structure of the Pd(100) surface in more detail.
94-95

  

 

Figure 24: Top: Mass spectra of O2, CO, and CO2 as a function of time. Bottom: HPSTM 140×140 nm
2
 

images of the Pd(100) surface in the presence of CO and O2, while the surface is kept at 408 K . The mass 

spectra were obtained during acquisition of the HPSTM images, by collecting the leaked gas from the 

reactor cell. Corresponding labels A-H are indicated in the mass spectra and in the HPSTM images. There 

is a correspondence between significant roughening of the surface due to oxide formation and the higher 

CO2 production. Reproduced with permission from Ref.
93

. Copyright 2004 Elsevier. 

 

6.1.3 CO Oxidation on Rh Surfaces 



46 
 

CO oxidation on Rh(110): Many (110) surfaces of fcc metals are known to reconstruct in the form of 

missing rows with (1×2) structure, either in UHV or upon adsorption of molecules. One of these is 

Rh(110), where the oxygen atoms adsorb forming a (2×2)p2mg structure while changing the substrate 

structure from (1×1) to (1×2).
96

 Interestingly, at room temperature in the presence of CO at 8×10
-8

 Torr, 

CO molecules replace the adsorbed oxygen atoms (observed using APXPS), likely via the CO2 oxidation 

reaction, but they do not lift the missing row reconstruction of the Rh atoms.
97

 Instead, the CO molecules 

adsorb on the remaining rows of the reconstructed surface. At ambient conditions of 0.08 Torr CO and 55 

°C temperature however, (1×2) areas of the Rh(110) substrate are slowly replaced by (1×1) areas, as pure 

CO adsorption on bare Rh(110) at ambient pressures also exhibits a (1×1) pattern.
97

 Based on these 

observations, a natural question arises: Would the oxygen pre-covered Rh(110) surface retain its (1×2) 

structure when both CO and O2 are present in the gas phase, or would the reconstruction be lifted? Figure 

25 shows three time-lapse HPSTM images at room temperature under 0.1 Torr gas mixture of 4:1 CO:O2 

mixture showing that the (1×2) reconstruction is slowly lifted. According to Ref.
97

, this reconstruction 

does not lift in the presence of pure CO at room temperature, but it does in the presence of a 4:1 CO:O2  

gas mixture. Although this appears counterintuitive, since more CO and less O2 should favor lifting of the 

oxygen-induced reconstruction, it could be explained by the exothermic nature of the CO oxidation 

reaction where the heat generated facilitates mass transfer on the surface, in a way similar to 

reconstruction lifting at 55 °C in the presence of pure CO, which is not observed at room temperature. 

 

Figure 25: HPSTM images of the Rh(110)-(1×2)-O surface at room temperature in the presence of a 

mixture of 0.08 Torr CO and 0.02 Torr O2. (a) Initial structure, (b-c) after 25 min, showing that some of 

the missing row reconstructions are lifted. Reproduced with permission from Ref.
97

. Copyright 2017 

American Chemical Society. 

 

6.1.4 CO Oxidation on Cu Surfaces 

Cu based catalysts are used in a variety of catalytic reactions, but they suffer from a swift 

deactivation during CO oxidation.
98

 Solving this issue could help replacing expensive Pt catalysts in the 
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catalytic converters of gasoline and diesel engine vehicles. Therefore, CO oxidation on Cu surfaces has 

been a topic of interest both in applied catalysis and Surface Science studies. More recently HPSTM has 

been used to study the reaction: The first two studies were performed in the presence of CO on two 

oxygen pre-covered surfaces. The third study was performed in the presence of both gases.  

CO oxidation on Cu(111) #1: In the first study a √73R5.8°×√21R10.9° overlayer structure of Cu-O 

was prepared on the Cu(111) surface (Figure 26-top a).
99

 This overlayer structure is very similar to a layer 

of Cu2O, and is often called a surface oxide. However, there is a small but significant difference: the 

√73R5.8°×√21R10.9° overlayer structure has lone oxygen atoms directly attached to the Cu(111) surface 

which are not present in the Cu2O(111) surface . These atoms are easier to remove than the other oxygen 

atoms in the structure. In fact, it was shown with low pressure – high temperature STM studies that 

hexagonal and 5-7 rings containing less oxygen form after the removal of oxygen after reacting with 

CO.
100-101 

Afterwards, the CO molecules adsorb on the newly formed Cu sites and remove the rest of the 

oxygen from the surface, thereby completely removing the overlayer from the surface.  
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Figure 26: Time-lapse HPSTM images of the √73R5.8°×√21R10.9° Cu-O overlayer structure on the 

Cu(111) surface being removed in the presence of 10-35 mTorr CO at room temperature. Top (scale bar is 

5 nm): Near step edges row-like structures due to the √73R5.8°×√21R10.9° overlayer, are first replaced 

by a hexagonal and 5-7 ring structure and then completely removed. Bottom (scale bar is 2 nm): Farther 

away from the step edges a removal of the√73R5.8°×√21R10.9° Cu-O overlayer structure is observed, 

first induced the formation of bright protrusions due to the newly formed hexagonal structure, buckled 

due to compression. The arrow shows the formation of a metallic cluster from the released Cu atoms after 

the reduction of the overlayer. Reproduced with permission from Ref.
102

. Copyright 2013 American 

Chemical Society. 

 

Figure 26-top shows removal of the √73R5.8°×√21R10.9° overlayer structure in the presence of 10 

mTorr CO at room temperature. The √73R5.8°×√21R10.9° overlayer structure, which appears as rows, is 

first replaced by a hexagonal and a 5-7 ring structure and then by a metallic surface.
101

 In this case, the 

reaction starts from the step edges and proceeds further into the terraces. Figure 26-bottom shows the 

same reaction taking place directly on terraces, initiated at defects.
101

 Different from the HPSTM images 

near the steps, the hexagonal structure now appears as bright protrusions due to the compressive stress on 

this layer in the middle of the terraces.
102

 The arrow on Figure 26-bottom-c indicates a metallic Cu cluster 

created during CO oxidation on step edges. The metallic Cu released during the process is preferentially 

transferred to the step edges, which appear as a growing metallic front in Figure 26-top.
102

  

 

CO oxidation on all three low-index Cu surfaces: Three oxygen-induced overlayer structures were 

prepared on the low Miller-index Cu surfaces following preparation recipes in the literature:
99,103-104

 

Cu(111)-√73R5.8°×√21R10.9°-O, Cu(100)-(2√2×√2R45°)-O, and Cu(110)-(2×1)-O. Ball-models and 

STM images of these overlayer structures are shown on the left side of Figure 27. On the right side, 

images of each surface are shown in the presence of 0.01 Torr CO at room temperature after 0.5-1 hour 

since the introduction of the CO in the chamber.
105

 The overlayer structure remains intact on the Cu(100) 

and Cu(110) surfaces, but is completely removed from the Cu(111) surface, in line with Ref.
102

. A 

kinetics analysis using APXPS peak intensities showed that the activation energy for removal of the 

surface oxygen in the overlayer structures by CO oxidation was lowest on the Cu(111) surface and 

highest on the Cu(110).
105

 Although this appears counterintuitive, as the catalytic activity is usually 

inversely proportional to the coordination number of the surface atoms, it can be explained by the 

difference in adsorption energy of CO and the binding energy of oxygen in the overlayer.
105

 In other 

words, following the Sabatier principle, the catalytic activity is correlated with the high oxygen binding 
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energy, indicating that the O chemisorption energy is a good descriptor of the CO oxidation reaction on 

Cu surfaces.
105

 

 

Figure 27: Left: STM images of various oxygen-induced overlayer structures on the low Miller-index Cu 

surfaces. Right: Same surfaces imaged in the presence of 0.01 Torr CO at room temperature, roughly 0.5-

1 hours after introduction of CO into the chamber. The surface was reduced to metallic Cu only in the 

case of Cu(111) due to much slower kinetics on Cu(100) and Cu(110) surfaces. Scale bars are 4 nm for 

Cu(111) and Cu(110) images, and 5 nm for Cu(100) images. Reproduced with permission from Ref.
105

. 

Copyright 2015 American Chemical Society. 
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CO oxidation on Cu(111) #2: Morphological changes on the Cu(111) surface in the presence of a 

mixture of CO and O2 gases at room temperature was investigated in Ref.
106

. Figure 28 shows time-lapse 

HPSTM images at CO:O2 partial pressure ratios of 2:1 (top-panel), 3:1 (middle-panel), and 4:1 (bottom-

panel). The first image in each case was acquired prior to gas dosing, and show the bare metallic Cu(111) 

surface. Under relatively oxygen-rich conditions (i.e., a CO:O2 ratio of 2:1), the surface undergoes 

morphological changes, like those previously reported in the presence of pure O2 at very low doses:
107

 

The oxidation of Cu starts at the step edges, which begin to facet as the oxide forms along the close-

packed <110> directions, as shown with the green lines in the top-panel of Figure 28.
106

 Few minutes 

after the gases were introduced into the chamber, the surface structure reaches equilibrium. A disordered 

structure forms on the surface, which does not show any additional significant changes.
106

 When the CO 

partial pressure is slightly higher, a similar morphological change related to the oxidation of the Cu 

surface can be observed in the first ten minutes (Figure 28 middle-panel). However, after some time, 

metallic clusters (shown inside white circles) form on the surface, suggesting that reduction of the surface 

can also occur under the same conditions. This is similar to the oscillatory behavior previously mentioned 

on Pt surfaces: The surface is not in equilibrium, and the local chemical state of the surface oscillates 

between metallic and oxidic.
106

 Such clusters disappear with time (oxidation), and other clusters form 

(reduction) randomly on the surface. If the CO partial pressure is even higher (Figure 28 bottom-panel), 

more metallic clusters are formed at the surface.
106

 

 

Figure 28: HPSTM images of the Cu(111) surface in the presence of a mixture of CO and O2 at room 

temperature. Top row: in oxygen-rich conditions of 30 mTorr CO and 15 mTorr O2. Bottom row: in CO-

rich conditions of 32 mTorr CO and 8 mTorr O2. Middle row: intermediate pressure ration of 30 mTorr 

CO and 10 mTorr O2. Scale bar is 10 nm in each set. Whilst the top row images show roughening due to 

oxidation, the bottom two rows show bi-stability between the metallic and an oxidized surface. Small 
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clusters formed close to step edges are due to metallic Cu. Reproduced with permission from Ref.
106

. 

Copyright 2014 American Chemical Society. 

 

6.2. Ethylene Oxidation on Ag(111) 

Ethylene oxidation is catalyzed by Al2O3-supported and promoted Ag nanoparticles in industrial 

practice, giving about 80% selectivity at 500 K and 10-30 bar pressure range.
108

 The typical Ag 

nanoparticle size used in industry is 100-1000 nm,
108

 which makes Surface Science studies with single-

crystals good models of real catalysts for this specific case compared to other cases discussed in this 

Review. Two important reaction steps are involved in the oxidation of ethylene will be discussed here. 

One is the dissociative adsorption of O2, and the second the reaction of ethylene with the chemisorbed O.  

Oxygen on Ag(111): There is considerable amount of literature on the different structures and phases 

of atomic oxygen on Ag(111) and on other Ag surfaces, and many of these can found in the Refs.
109-110

. 

Figure 29 shows the evolution of the Ag(111) surface at room temperature as a function of O2 pressure.
110

 

At 0.01 Torr O2 (Fig. 29a and b), low contrast spots (dark) due to atomic oxygen are observed on the 

terraces in the STM images. Increasing the O2 pressure to 0.3 Torr O2 caused a corrugation in the STM 

contrast that was not present before (Figure 29c and 29d). This corrugation can be seen more clearly in 

the derivative images in Figure 29i and 29j. The corrugation is attributed to oxygen in subsurface layers, 

occupying octahedral sites according to theoretical studies.
111-112

 When the O2 pressure was increased to 

10-90 Torr the corrugation became more fine grained, which is interpreted as a result of near saturation of 

the subsurface with oxygen (Figure 29e and f). Upon evacuation of the chamber the oxygen on the surface 

remained, whilst some subsurface oxygen desorbed causing the reappearance of the corrugation in the 

STM contrast, as shown by the image in Fig. 29h. In Ref.
110

 it is argued that while oxide formation might 

be favorable at the higher pressure it is kinetically hindered on flat (111) terraces, presumably because 

penetration of the O and facile displacement of Ag atoms near steps and defects. Indeed regions of the 

surface containing many steps roughen up in the presence of O2, due to more facile oxide formation.
110
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Figure 29: HPSTM images of the Ag(111) surface in presence of O2 at various pressures at room 

temperature. Oxygen atoms on the surface appear as depressions, whereas subsurface oxygen appear as a 

corrugation in the STM contrast. (i) and (j) are derivative images of (a) and (b). Image (j) shows a 

corrugation not visible in (i), due to partial occupation of subsurface octahedral and tetrahedral sites. At 

90 Torr O2, no corrugation is visible again due to saturation of the subsurface sites. (k) and (l) are line 

profiles in (b) and (h). Reproduced with permission from Ref.
110

. Copyright 2016 Elsevier. 

 

Ethylene oxidation on Ag(111): An XPS spectrum from the O/Ag(111) system reveals various peaks 

in the O 1s region due to different chemical states: One at ~530 eV,  from surface or subsurface O, one at 

529 eV is due to Ag2O, and another at ~528 eV is due to ordered chemisorbed structures and is usually 

associated with a (4×4) Ag-O overlayer structure.
110,113

 A peak at 530 eV is the fingerprint of the desired 

chemical state, as Ag surfaces covered with this oxygen species heated in the presence of ethylene 

resulted in ethylene oxide.
114-116 

On the other hand, the same procedure results in highly undesired 

combustion of ethylene to CO2 and H2O when the surface was covered with the oxygen producing the 

peak at 528 eV.
114-115

 In Ref.
113

, it was found that under reaction conditions (0.5 mbar O2, 0.5 bar 
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ethylene, 470 K surface temperature), a (7×√3)rect structure forms (Figure 30), which also produced the 

530 eV XPS peak, and it is active in the formation of ethylene oxide.  
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Figure 30: HPSTM images of the Ag(111) surface in the presence of 0.5 mbar of ethylene and 0.5 mbar 

of O2, at a surface temperature of 470 K. Image sizes: (a) 100×45 nm
2
, (b) 49×26 nm

2
, (c) 25×13 nm

2
. 

The atomically resolved structure in (c) corresponds to a (7×√3)rect periodicity. Reproduced with 

permission from Ref.
113

. Copyright 2013 Wiley.  

 

  6.3 NO Reduction 

Both CO and NO are products found in the exhaust gases of gasoline-powered automobiles. They are 

toxic and cause severe air pollution. Catalysts are used therefore to convert them to inert gases via the CO 

+ NO → ½N2 + CO2 reaction. Hydrogenation of NO is also an interesting reaction with the same idea or 

mitigating NO pollution. 

NO reduction by CO on Pt(100): Figure 31 shows the morphology of the Pt(100) surface at around 

390 K in the presence of CO and NO at various partial pressures with the total pressure fixed at 1.25 bar. 

As previously mentioned, the Pt(100) surface exhibits a quasi-hexagonal overlayer of Pt atoms with 6 

atoms residing on top of 5 atoms in the second layers. Since no atomic resolution was obtained in the 

images in Figure 31, it is not possible to know if the quasi-hexagonal structure is intact or not in the 

presence of CO or NO. The structural analysis is based on less direct indications, like changes in 

morphology. Figure 31 starts with the first image that was acquired under NO-rich conditions (after 

cycling NO-rich and CO-rich conditions twice), where the surface exhibits vacancy islands. The authors 

propose that the vacancies form due to switching from the (1×1) surface structure to the quasi-hexagonal 

atomic structure, because the quasi-hexagonal structure has 20% more atoms and its formation should 

result in vacancies.
117

 Images 2-4 show time-lapse magnified images under same conditions, where the 

vacancy islands disappear. The authors attribute this to the tip-induced changes (tip dragging material 

while scanning the surface) because the larger scale image 5 shows vacancy islands outside of the 

scanned frame. Under CO-rich conditions (images 8-10), the process is reversed: The quasi-hexagonal 

reconstruction is lifted, and two-dimensional nanoclusters are formed on a (1×1) surface by the extra 

atoms liberated in the reconstruction,
117

 similar to observations at room temperature.
37

 Most clusters 

appear near the step edges. Another evidence for these transformations is the shape of the vacancy islands 

and clusters, which respectively show weak hexagonal and weak rectangular geometry in higher 

resolution images.
117 

Final remarks should be made about oxidation of the surface in the presence of NO. 

When the Pt surface is oxidized, it appears rougher than under NO-rich conditions in Figure 31.
117

 

Therefore, oxidation of the surface can be ruled out in this study. 

 



56 
 

Figure 31: HPSTM images showing the surface morphology of the Pt(100) surface in the presence of CO 

and NO, with partial pressures indicated on the graphs above the images. Each image number corresponds 

to the partial pressure graphs with the same number. Surface temperature is 382 K for the upper panel 

images, and 395 K for the lower panel images. Because the CO-induced (1×1) surface and the NO-

covered quasi-hexagonal surface have different number of surface atoms, transition between two surface 
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structures causes formation of two-dimensional adatom islands. Reproduced with permission from 

Ref.
117

. Copyright 2010 Elsevier. 

 

NO hydrogenation on Pt(110): Figure 32 shows the evolution of the Pt(110) surface at room 

temperature in the presence of hydrogen and NO gas mixtures. As previously mentioned, the Pt(110) 

surface exhibits a missing-row (1×2) reconstruction in vacuum. The surface structure can sometimes 

show a few rows with (1×3) structure,
25

 which was observed in Ref.
91

 in measurements prior to the 

acquisition of the images shown in Figure 32 due to low vacuum. In the presence of Ar, Ar+H2 mixtures, 

and H2, the Pt(110)-(1×2) structure is retained for a long period of time (Figure 32a-b).
91

 After 48 hours 

of exposure to H2 however, the surface structure changed to a (1×4) structure (Figure 32c top). Once the 

NO is introduced into the chamber, either mixed with H2 or alone, the surface restructures forming 

clusters with no apparent ordered structure (Figure 32c bottom and 32d).
91

 

 

Figure 32: HPSTM images of the Pt(110) surface at room temperature at a total pressure of 1.25 bar 

under an evolving gas mixtures: (a) Scanning starts with pure argon (top) region, and is gradually 

changed to an argon-hydrogen mixture (bottom). (b) Image in pure hydrogen, which shows 

predominantly the missing-row Pt(110)-(1×2) structure similar that in vacuum. (c) Top part in pure H2 

after the sample was kept in H2 for 48 hours. Bottom part of the images is in a mixture of H2 and NO as 

indicated. The surface has a (1×4) structure. (d) Image in pure NO where the surface appears much 

rougher, with the missing row structure completely removed. Scales or each image are shown in nm units 

on their Y-axis. Reproduced with permission from Ref.
91

. Copyright 2015 Elsevier. 

 

7. Non-reactive Co-adsorption Studies on Low Miller-Index Surfaces 

CO and NO co-adsorption on Rh(111): In the previous sections, we discussed that at room 

temperature, ambient pressures of CO and NO on Rh(111) result in the formation of (2×2) and (3×3) 

adlayer structures, respectively.
38,46

 Here, we discuss the co-adsorption of these two molecules on the 

Rh(111) surface and the adsorbate exchange process.  Figure 33 shows the HPSTM images obtained at 

room temperature in different partial pressures of CO and NO. When the gas mixture is CO-rich (0.5 Torr 
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CO and 0.15 Torr NO), the surface exhibits a (2×2) pattern similar to the CO-covered Rh(111) surface 

(Figure 33a), however the increase of NO partial pressure causes new bright spots to appear due to 

displacement of top-site CO by NO molecules.
118

 This is due to the sensitivity of the tunneling current to 

the electronic structure of the surface. As was shown in Ref.
118

, the tunneling current is much higher for 

top site adsorbed CO or NO than it is for hollow site adsorbed molecules, so that molecules at the hollow 

sites become “invisible” in the images. Since the NO molecules first displace CO from the hollow sites, 

they are not observed in the images until their population is high enough to displace the CO from the top 

sites, which occurs when the pressure of NO increases to 0.7 Torr (Figure 33b). The NO-CO exchange 

(and vice versa) on the surface can also be monitored via time-lapse STM images, as those shown with 

the arrows in Figure 33c under NO-rich conditions (0.5 Torr CO and 0.92 Torr NO). The model shown in 

Figure 33d suggests the surface to be NO-rich,
118

 as IR spectroscopy under reaction conditions suggest 

the hollow sites to be occupied with NO and the top sites to be occupied with CO.
119-120

 At NO-richer gas 

mixtures (0.1 Torr CO and 0.32 Torr NO), most of the surface still exhibits a (2×2) pattern (Figure 33e 

and f).
118

 The (3×3) due to NO-covered areas also start appearing under these conditions in smaller areas 

on the surface.
118

 Some of the observations here were confirmed unambiguously by APXPS as top and 

hollow molecules produce XPS peaks at different binding energies that permit their identification and 

measurement of their coverage.
121
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Figure 33: HPSTM of the Rh(111) surface at room temperature under different partial pressure mixtures 

of CO and NO: (a) 0.5 Torr CO, 0.15 Torr NO; (b) 0.5 Torr CO, 0.7 Torr NO; (c) 0.5 Torr, 0.92 Torr NO; 

(e-f) 0.1 Torr CO, 0.32 Torr NO. In (a-c) the bright features correspond to NO molecules on the top sites 

of the (2×2) pattern induced by CO. The STM contrast in such structures originates from the top-site 

adsorbed molecules only, so that they correspond to top-site adsorbed NO molecules only. At higher NO 

ratio (3×3) patterns appear, similar to those in pure NO adsorption. Reproduced with permission from 

Ref.
118

. Image sizes are 12×12 nm
2
 in (a) and (b), 20×11.5 nm

2
 in (c), and 20×20 nm

2
 in (e) and (f). 

Copyright 2002 American Chemical Society. 

 

CO and oxygen co-adsorption on Pt(111): In a previous section we showed the reaction between 

oxygen and CO on the Pt(111) surface slightly below room temperature. However, in that case the oxygen 

was pre-adsorbed on the surface forming the well-known (2×2) structure. In the presence of 1 Torr O2 at 

room temperature the terraces of the Pt(111)-(1×1) surface remain unchanged (Figure 34-top a).
122

 In our 

opinion, this is likely due to atomic oxygen reacting away immediately with the background CO. In fact, a 

traditional surface science study showed that O2 molecules, adsorbed on a Pt(111) surface at 100 K, 

completely dissociate as the surface is warmed to room temperature.
123

 We should also mention here that 

in another study, to be discussed later, the (2×2)-O structure on the Pt(111) terraces appear only after ~2 
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hours of exposure to 1 Torr O2.The more active step edges, however, are oxidized (Figure 34-top a).
122

 

Once CO is added into the gas mixture, at 0.01 Torr partial pressure, a somewhat ordered structure due to 

adsorbed CO on the Pt(111) surface appeared (Figure 34-top b). Increasing the CO partial pressure 

changed the moiré pattern of the CO adlayer structure (Figure 34-top c). Although these structures appear 

similar to the (√19×√19) R23.4°-13CO structure obtained at room temperature at 1 Torr CO and above, 

they are not exactly the same.
122

 This means that even weakly adsorbed O2 molecules on the surface can 

affect the structure to CO. This could be related to the steric repulsion between adsorbed CO molecules 

and adsorbed O2 molecules and the fragile structure of a moiré structure that is perturbed easily with 

changes in adsorbate density and inclusion of foreign species.  
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Figure 34: Top: HPSTM images of the Pt(111) surface at 1 Torr of O2, and after increasing the total 

pressure by adding CO to gas mixture. Whilst the terraces appear structureless when only O2 is present, 

new structures are formed once CO is added. Bottom: HPSTM images of the Pt(111) surface under 10.5 

Torr of mixed CO and O2 gas (1:3 ratio), which show structural changes at atomic scale as a function of 

time. (i) Plot of the fractal dimension from each HPSTM image vs time. It can be fit with a periodic 
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function, which shows the oscillatory behavior between high-ordered surface structure (due to the CO 

adlayer) and disordered surface structure (due to O2 adsorption perturbing the CO adlayer structure). The 

sample temperature was kept at room temperature during image acquisition.  Reproduced with permission 

from Ref.
122

. Copyright 2018 American Chemical Society. 

 

Time-lapse HPSTM images were obtained in the presence of a 10.5 Torr gas mixture with 1:3 CO:O2 

partial pressure ratio (Figure 34-bottom). Interestingly, the CO adlayer structure on the surface exhibits a 

bistability, as it switches between an ordered structure and a disordered structure.
122

 A fractal dimension 

analysis (fractal refers to the mathematical self-similarity of the geometric form
124

) is shown at the bottom 

of Figure 34. A higher fractal dimension is indicative of a more ordered pattern. The resulting graph could 

be fit with a sinusoidal function with a periodicity of 1067 s.
122

 This periodicity reflects the ensemble 

behavior of molecules and indicates probably a metastable structure.
122

 Such analysis of the adsorption 

kinetics has not been applied before, and it is a clear representation of one of the new avenues that is 

opened up by performing HPSTM measurements at higher chemical potentials that mitigate kinetic 

hindrances. 
 

 

CO, ethylene and hydrogen co-adsorption on Pt(111): In the previous sections, we have shown a few 

examples where HPSTM was used to monitor the surface morphology during catalytic reactions on 

surfaces. We will now show a few examples of reactions on surfaces which are deactivated due to 

poisoning, especially CO-poisoning. The first example is the ethylene hydrogenation reaction on Pt(111). 

Upon adsorption on Pt(111) at room temperature ethylene converts to ethylidyne by losing one hydrogen 

atom and transferring another to the other carbon to form a methyl group.
125

 STM and LEED studies at 

low temperatures have shown that the ethylidyne adlayer on Pt(111) has a (2×2) structure, occupying the 

fcc threefold hollow sites.
126-128

 At room temperature, the (2×2) structure is still observable by LEED, but 

not by STM, indicating that the ethylidyne mobility on Pt(111) at room temperature is much faster than 

the STM scan rate. Hydrogen adsorbs dissociatively, with the hydrogen atoms occupying fcc threefold 

hollow sites forming a (1×1) structure at saturation.
129-131

 Figure 35a shows the Pt(111) surface in the 

presence of 20 mTorr H2, which shows no discernible features on the surface.
132

 This is due to the high 

mobility and small corrugation of the hydrogen atom on the Pt(111) surface, making it difficult to image 

by STM at room temperature. Because both atomic hydrogen and ethylidyne are mobile on the surface, 

the HPSTM image in presence of both hydrogen and ethylene (20 mTorr each) shows no discernible 

features (Figure 35b). However, once 2.5 mTorr CO is included into the gas mixture, an ordered structure 

appears on the surface (Figure 35c and 35d). The structure resembles the (√19×√19) R23.4° structure 

obtained in the presence of pure CO, but IR spectroscopy indicates that both CO and ethylidyne are 
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present on the surface, with CO occupying top sites.
133-134

 Based on the HPSTM images and the IR 

spectra, the model in Figure 35d was suggested in Ref.
132

. Finally, we should note here that the surface 

shown in Figure 35c is inactive as no ethane can be detected with mass spectroscopy, whereas the surface 

shown in Figure 35b is active producing ethane. This poisoning of the surface is related to the reduction 

in adsorbate mobility, as immobile CO blocks sites and hinders the mobility of the atomic hydrogen and 

ethylidyne.
132

 

 

 

Figure 35: HPSTM images of the Pt(111) surface under different gas mixtures: (a) 20 mTorr H2, (b) 20 

mTorr H2 and 20 mTorr ethylene, (c-d) 20 mTorr H2, 20 mTorr ethylene and 2.5 mTorr CO. The presence 

of CO induced the formation of a structure on the surface similar to the (√19×√19) R23.4° structure. The 

HPSTM image in (d) shows two rotation domains of (√19×√19) R23.4°. The inset in (d) shows the 

proposed model for the co-adsorption of CO and ethylene, where the black dots represent CO and the 

white dots ethylidyne. Image sizes are 10×10 nm
2
 in (a-c), and 20×20 nm

2
 in (d). Adapted with 

permission from Ref.
132

. Copyright (2004) American Chemical Society. 
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CO, ethylene and hydrogen co-adsorption on Rh(111): The adsorption structure of hydrogen and 

ethylene on Rh(111) is similar to that on Pt(111),
135-138

 with the noted difference that both species adsorb 

on the hcp threefold hollow sites on Rh(111) instead of the fcc sites as in Pt(111).
135,137

 Figures 36a and 

36b show the HPSTM images of the Rh(111) surface in the presence of 20 mTorr hydrogen, and a 

mixture of 20 mTorr hydrogen and 20 mTorr ethylene, respectively.
132

 In both cases, no ordered structure 

is visible in images due to the rapid diffusion of atomic hydrogen and ethylidyne on the surface. This 

surface is active for ethane production. Once 5.6 mTorr CO is added into the mixture of 20 mTorr 

hydrogen and 20 mTorr ethylene, three different ordered structures appear on the surface (Figure 36c-h). 

One of these structures is the (2×2) adlayer structure observed in the presence of pure CO (discussed 

earlier in this Review, with 3 CO molecules per unit cell) and they cover around 20% of the surface 

(Figure 36g and h). The other two structures originate from co-adsorption of CO and ethylidyne on the 

surface (Figures 36c and 36e). The suggested unit cell models of the both (4×2) and c(4×2) patterns are 

shown in Figures 36d and 36f. Similar to Pt(111), the presence of adsorbed CO on the surface reduced the 

mobility of adsorbates and poisoned the ethylene hydrogenation reaction.
132
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Figure 36: HPSTM images of the Rh(111) surface under different gas mixtures: (a) 20 mTorr H2, (b) 20 

mTorr H2 and 20 mTorr ethylene, (c, e, g) 20 mTorr H2, 20 mTorr ethylene and 5.6 mTorr CO. The 

addition of CO into the gas mixture resulted in three different adlayer patterns observed on the Rh(111) 

surface attributed to c(4×2), (4×2), and (2×2) structures shown in (d), (f), and (h), respectively. Whilst the 

(2×2) pattern is due to CO adsorbates only, the other two structures are due to co-adsorption of CO and 

ethylidyne. Image sizes are 10×10 nm
2
 in (a-c), and 5×5 nm

2
 in (e) and (g).  Adapted with permission 

from Ref.
132

. Copyright (2004) American Chemical Society. 

 

CO, ethylene and hydrogen co-adsorption on Pt(100): In previous sections we discussed the 

structural changes observed on the quasi-hexagonal overlayer structure of the Pt(100) surface in the 

presence of CO and in the presence of ethylene. Even at low pressures, CO lifts the reconstruction and 

results in the formation of clusters with (1×1) structure on the surface. This was also observed for 

ethylene, but a more recent publication attributed this to the effect of CO contamination from the 

background,
54

 as pure ethylene did not lift the quasi-hexagonal reconstruction. Similar to hydrogen and 

ethylene co-adsorption HPSTM studies discussed above for Rh(111) and Pt(111) surfaces, together with 

online mass spectroscopy, ethane forms as a result of ethylene hydrogenation on the Pt(100) surface at 

room temperature, whilst addition of some CO into the gas mixture poisons the surface.
139

 Figure 37a 

shows the HPSTM image of the Pt(100) surface at room temperature in the presence of 0.5 Torr hydrogen 

and 0.5 Torr ethylene, which shows no ordered structure. This is because of the rapid diffusion of atomic 

hydrogen and ethylene adsorbates on the surface.
139

 Once the scanning speed is increased from 60 nm/s to 

150 nm/s, some structure can be observed on the surface (Figure 37b), as the STM scanning speed 

becomes comparable with the diffusion rate of the adsorbates on the surface. After addition of 3 mTorr 

CO into the gas admixture, the surface breaks up into clusters, similar to those observed in the presence of 

pure CO (Figure 37c and d). The presence of strongly adsorbed CO, which hampers the diffusion of 

atomic hydrogen and ethylene-related adsorbates, is the reason of the poisoning of this model catalyst 

surface.
139
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Figure 37: HPSTM images of the Pt(100) surface under different gas mixtures with different scanning 

speeds: (a and b) 0.5 Torr H2 and 0.5 Torr ethylene with 60 nm/s and 150 nm/s scanning speed, (c and d) 

0.5 Torr H2, 0.5 Torr ethylene and 3 mTorr CO with 60 nm/s and 150 nm/s scanning speed. Adsorption of 

CO from the higher pressure gas breaks up the surface into clusters. Adapted with permission from 

Ref.
139

. Copyright (2013) Royal Society of Chemistry. 

 

8. Adsorption and Reactions on Vicinal Surfaces 

A particularly interesting question is what happens to vicinal surfaces in the presence of gases at 

room temperature and above. So far, we only investigated low Miller-index surfaces and established that 

the surface can undergo structural changes due to the presence of gases. Even these low Miller-index 
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surfaces have steps and kinks, however, vicinal surfaces have a much higher density of steps and kinks 

and might break up into clusters easier than low Miller-index surfaces.  In addition, vicinal surfaces can 

also undergo other changes like step-doubling or step-bunching. Clustering, as we discussed before, is 

driven by the difference in adsorbate binding energies in low- and high-coordination sites, and it is 

expected  more likely to occur on metals with low cohesive energy. The stability of regularly spaced steps 

of vicinal surfaces in UHV, on the other hand, is due to the repulsive electrostatic interactions of the 

dipoles at the step edges and from the elastic force fields arising from step atoms pushing down into the 

bulk. Both the electrostatic and elastic forces decay fast with distance, and can be altered by adsorbates, 

which is the driving force for step doubling reconstructions.  

CO on Pt(557) and Pt(332): Some of the first HPSTM studies that demonstrate the effects mentioned 

above were performed on the stepped Pt(111) surfaces about a decade ago. We have shown previously 

that the Pt(111) surface does not undergo any structural changes in the presence of up to almost 1 bar CO 

at room temperature, and instead, a dense layer of CO forms.
19

 In contrast, the vicinal (regularly stepped) 

Pt(557) and Pt(332) surfaces, which form a ∼10° angle with the (111) terraces, did reconstruct by 

formation of Pt clusters (e.g. Figure 38).
140

 Interestingly, the shape and symmetry of the clusters are 

different in the two surfaces, despite very similar atomic structure. This is related to the different local 

structure of the steps in these surfaces, the Pt(557) with square (A-type or 100-type), and the Pt(332) with 

local triangular atomic structure arrangements (B-type or 111-type), respectively.
140

 As illustrated in 

Figure 38, the Pt(557) surface can undergo two different type of structural changes in the presence of CO 

at room temperature: At low pressures, the terrace widths and the step heights double (Figure 38b). At 

ambient pressures however, the surface breaks up into triangular clusters, which occupy the doubled 

terraces (Figure 38c). It is also worth noting that once the measurement chamber is evacuated, the clusters 

disappear and the surface structure at low CO pressures is recovered.
140

 The Pt(332) surface, on the other 

hand, does not undergo step-doubling at low CO pressures, and breaks up into rectangular clusters 

(instead of triangular clusters) at ambient CO pressures.
140

 The clustering phenomenon was also indirectly 

observed via the core-level shifts during APXPS experiments.
140
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Figure 38: HPSTM images of Pt(557) (a) in UHV at 10
-10

 Torr base pressure, (b) under ∼5 × 10
−8

 Torr 

CO which produces a coverage to cause step-doubling of the surface, and (c) at 1 Torr the coverage is 

close to 1 ML and causes restructuring and formation of clusters of Pt atoms inside the double-width 

terraces. Images are 40 × 50 nm
2
 in size. Adapted with permission from Ref.

140
. Copyright (2010) 

American Association for the Advancement of Science. 

 

Pt(997) surface, which has a terrace width approximately 1.5 times larger than those of Pt(557) and 

Pt(332), was shown to not break up into clusters in the presence of CO, but only reconstruct by step 

doubling.
141

 This different behavior exhibited by crystals with shorter and larger terraces might be a result 

of the repulsive interactions between the steps which, as indicated earlier decay fast with distance 

between steps.
142-143

 In the case of Pt(111), the electrostatic interaction between the steps is significantly 

lower than the elastic interactions between the steps.
142,144 

In a simplistic picture, CO adsorption will 

weaken the interaction between the first and second surface layers, so that surface atoms are pulled out 

and thereby repulsive interaction between the steps should be reduced. This, however, only explains how 

CO adsorption can affect step doubling. The temperature for clustering to occur on vicinal surfaces is 

likely to be lower than for flat (111) surfaces due to lower coordination number. For instance, the 

cohesive energy of a Pt(111) surface atom at a step is roughly 1 eV lower than that of a surface atom on a 

terrace. It is clear that this is an area where a theoretical study is necessary to understand the influence of 

the elastic and electrostatic interactions at the step edges on the clustering phenomenon better. 

CO on Pt(557) at higher temperature: The clustering of the Pt(557) surface in the presence of CO at 

room temperature was shown also in Ref.
145

. In addition, once the surface temperature was increased to 

363 K, more of the clusters adapted the triangular shape (Figure 39). This process is reversible, as cooling 

the temperature back to 300 K resulted in fewer triangular clusters and more disordered clusters (Figure 

39e). The triangular clusters have the most optimized shape and size to account for CO-CO repulsive 

interactions at step edges,
139

 therefore their formation at higher temperature was expected.
145
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Figure 39: HPSTM images of the Pt(557) surface in the presence of 1.4 mbar CO at 300 K (images 

in a and c) and at 363 K (images in b and d). At 363 K, the surface is more ordered as more of the clusters 
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have triangular shapes. (e) shows that the disorder-order transition is reversible upon cooling the sample 

back to 300 K. Adapted with permission from Ref.
145

. Copyright (2016) American Chemical Society. 

 

CO and ethylene coadsorption on stepped Pt surfaces: Previously we discussed the break-up of the 

Pt(557) and Pt(332) surfaces in the presence of CO at room temperature. Figure 40a-d show these 

surfaces in UHV and in the presence of 0.5 Torr CO. After subsequent addition of 0.5 Torr of ethylene, 

the density of clusters decreased on Pt(332) (Figure 40e), but remained unchanged on Pt(557) (Figure 

40f).
146

 The difference in the clustering behaviors on Pt(557) and Pt(332) surfaces originate from the 

difference in step geometry and the difference in ethylene adsorption on both surfaces.
146

 

 

Figure 40: HPSTM images of the Pt(332) (top) and Pt(557) (bottom), from left to right: in UHV, in the 

presence of CO, and in the presence of CO and ethylene at room temperature. Inclusion of ethylene has 

no discernible effect on the structure of the Pt(557) surface, but it apparently reduces the cluster density 

on the Pt(332) surface. Adapted with permission from Ref.
146

. Copyright (2014) American Chemical 

Society. 

 

Pt(557) oxidation: As we discussed in the CO oxidation section, Pt-based catalysts are used in 

catalytic converters of most vehicles. In previous sections we have presented a few studies on the CO/Pt 
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system, and a few on the CO oxidation on Pt surfaces. In this Subsection we discuss the O2/Pt system. 

Sufficiently high oxygen pressures produce a variety of oxygen-induced chemical states.
147-151

 Figures 41a 

and 41c show the Pt(557) and Pt(111) surfaces in the presence of 1 Torr O2, acquired approximately 30 

min after introduction of the gas.
152

 Figures 41b and 41d show the same surface ~2 h after the gas was 

introduced. The line scan (in red) in Figure 41a shows a periodic array of maxima with 0.25 nm 

periodicity, which is close to the atomic Pt−Pt distance. Most likely, this corresponds to a one-

dimensional Pt oxide chain, which was previously reported to form at the edges of stepped Pt crystals 

when the oxygen coverage is high
147,149

 After 2h of exposure to 1 Torr O2, numerous clusters with ∼1 nm 

in diameter and ∼0.15 nm in height cover most of the surface (Figure 41b). These nanometer-sized 

clusters are roughly aligned along the original steps, suggesting that the clusters are formed from the one-

dimensional oxide chain. The clusters are ascribed to a two-dimensional surface oxide phase, which was 

corroborated through APXPS spectra via shifts of the surface core-level peaks in the Pt 4f region.
152

 On 

Pt(111) however, only a few clusters form near the step edges and the shifted surface core-level peak was 

much less intense.
152

 Instead of a two-dimensional oxide, the terraces are covered with a hexagonal 

pattern corresponding to a chemisorbed oxygen (2×2) structure (Figure 41d).
152

 This is a precursor state 

of Pt oxide, but the kinetics of oxide formation on the terraces is slow. The Pt oxide is not stable upon 

evacuation of the chamber, as evidenced by the disappearance of the clusters in HPSTM and with the 

partial restoration of the Pt 4f surface peak position in APXPS.
152
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Figure 41: HPSTM images of the (a and b) Pt(557) surface and (c and d) Pt(111) surface in the presence 

of 1 Torr O2 at room temperature. (a) and (c) are imaged ~0.5 hours, (b) and (d) are imaged ~2 hours after 

O2 was introduced into the measurement chamber. Oxidation causes cluster formation on Pt(557) (b), 

whereas only a chemisorbed oxygen adlayer forms on Pt(111) with (2×2) periodicity (d). Adapted with 

permission from Ref.
152

. Copyright (2012) American Chemical Society. 

 

H2 oxidation on Pt(557): A prototypical reaction on Pt is hydrogen oxidation. As shown above, the 

Pt(557) surface breaks up into clusters in the presence of 1 Torr O2 at room temperature due to a two-

dimensional oxide formation on the surface. In comparison, hydrogen gas at 0.1 Torr pressure does not 
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result in changes in the morphology of the Pt(557) surface.
153

 Figure 42 shows a series of images acquired 

in the presence of both gases, starting from ~1 Torr O2 in Figure 42a, and progressively adding H2, up 

0.043 Torr in Figure 42d. It appears that the initial morphology of the Pt(557) surface is fully recovered at 

1:22 H2:O2 partial pressure ratio, indicating the surface is metallic.
153

 This is supported by APXPS 

experiments obtained under similar partial pressure ratios.
153

 The APXPS experiments also suggest the 

surface to be covered with adsorbed species of hydroxide and molecular water when both gases are 

present.
153

 

  

Figure 42: Evolution of the surface structure of oxidized Pt(557) surface in the presence of O2 and H2 gas 

mixture, with increasing H2 partial pressure. A surface structure similar to the surface structure of a clean 

Pt(557) surface is obtained in the last stage. All images are acquired at room temperature. Adapted with 

permission from Ref.
153

. Copyright (2013) American Chemical Society. 

 

CO on Ni(557): It is a common practice in Ambient Pressure Surface Science experiments to use a hot-

trap in the CO gas lines. This hot-trap is usually made of Cu beads heated to 240 °C in order to 

decompose the Ni carbonyls formed inside stainless steel pipes and gas cylinders. Interaction of CO with 

the Ni(110) surface was studied with surface x-ray diffraction and following important conclusions were 

drawn: At room temperature, CO forms a (2×1) structure with two tilted CO molecules inside the unit 

cell.
154

 The same structure was observed both at low pressure and high pressure (2.3 bar) experiments. 

However, at ~130 °C, CO desorbs from the surface at low pressures, but at high pressures it also removes 

Ni atoms attached to it due to carbonyl formation.
153

 As a result, (111) microfacets start forming on the 

Ni(110) surface.
154

 HPSTM experiments on Ni were conducted on its (557) surface. Figure 43 illustrates 

the morphological changes on a stepped Ni surface at room temperature in the presence of CO gas.
155

 It is 

clear that the Ni(557) surface undergoes more significant structural changes in the presence of CO than 

Pt(557) does. As we will mention later, Ni(111) does not break up into clusters like Ni(557). This is 

comparable to the earlier discussion on Pt(111) and Pt(557);
140

 surfaces with high density of steps are 

more prone to cluster formation in the presence of gases. The heavy clustering observed on Ni(557) could 

even be associated with subcarbonyl or even a carbonyl formation.  
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Figure 43: HPSTM images of the Ni(557) surface (a) under UHV at 3 × 10
–10

 Torr, (b) under UHV at 10
–

8
 Torr, (c) under 10

–6
 Torr CO, and (d) in the presence of 1 Torr CO. All images have a size of 24 × 24 

nm
2
. Adapted with permission from Ref.

155
. Copyright (2013) American Chemical Society. 

 

9. Fischer-Tropsch Synthesis on Co Surfaces 

Modern gas-to-liquid technology aims to produce liquid fuels and lubricants from synthesis gas (a 

mixture of CO, and H2, and sometimes CO2).
156-159

 The Fischer−Tropsch synthesis (FTS) consists of a 

series of reactions that catalytically convert synthesis gas to long-chain hydrocarbons.
160-161

 The topic has 

attracted a great deal of interest in the applied catalysis research over the past few decades.
162-165

 Co is 

among the most often used catalyst in industrial FTS. In order to achieve an optimal catalyst design, it is 
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crucial to understand the fundamental processes taking place on the catalyst surface during FTS. Because 

of all these reasons, FTS on Co surfaces were the subject of five different HPSTM studies in the recent 

years. 

The elemental step, and possibly the rate-limiting step, in FTS is the dissociation of the adsorbed CO 

molecules. Two reaction pathways have been proposed and evaluated via theoretical calculations, namely 

the carbide mechanism and the hydrogen-assisted mechanism. The main difference between the two is 

whether or not hydrogen adsorbed on the catalyst surface facilitates CO dissociation.
166

 There is no 

consensus in the literature so far, as both mechanisms are suggested. Two spectroscopy studies from our 

group, suggest that CO does not dissociate in the absence of co-adsorbed hydrogen at room temperature, 

and increasing the surface temperature causes desorption of the CO molecule before it dissociates.
167-168 

Dissociation without hydrogen occurs only by keeping CO attached to the surface while heating the 

sample to above ~150 °C (i.e., in the presence of CO gas to maintain a high coverage of CO).
167-168 

Another important question is the nature of the 'active sites', i.e., whether the low-coordinated sites or the 

high-coordinated sites are the most active in the production of linear hydrocarbons, and whether more 

low-coordinated sites form on the surface under reaction conditions. Some of these questions are 

addressed in the HPSTM studies that are presented in this section.  

CO hydrogenation on Co(0001) – hydrogen-rich conditions: Prior to the advent of the HPSTM, ex 

situ STM studies were performed on the Co(0001) surface, and it was claimed that the surface roughens 

under CO hydrogenation reaction conditions.
169

 This scenario, however can only be ascertained through 

experiments under reaction conditions. Vibrational spectroscopy, specifically IRRAS, experiments 

monitoring shifts in the CO stretching frequency, supported the surface roughening under reaction 

conditions,
170

 but IRRAS provides only an indirect observation and it is possible to interpret a shift in the 

IR frequencies with various chemical and physical effects.
7
  

In contrast, no HPSTM studies on CO hydrogenation showed significant clustering of the surface. 

We start with the first study, which was performed under hydrogen-rich methanation conditions. The 

Co(0001) surface, although relatively flat, is already active and product analysis shows methane at 493-

523 K and at 10 mbar total pressure (H2:CO partial pressure ratio was set to 40:1). Figure 44a shows an 

STM image of the Co(0001) under UHV conditions, which shows a surface with many round hillocks.
171

 

Co undergoes an hcp-fcc phase transformation at 695 K, therefore the preparation of Co(0001) surfaces 

for HPSTM studies had to performed below this temperature. It was found that the hillocks are due to 

implanted argon inside the crystal that could not be fully removed at the lower temperatures. The inset in 

Figure 44a shows the (1×1) lattice structure, confirming that the hillocks are indeed due to subsurface 

species rather than contaminations on the surface. Before examining the surface in the presence of the 

synthesis gas mixture, we will first examine the case with only one reactant gas species present. In the 
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presence of 0.25 mbar of pure CO at 493 K, the surface is covered with a (√7×√7)R19.1°-CO adlayer 

structure (Figure 44b). This is the same structure observed at low dose experiments at room 

tempearture.
172-173

 In the presence of 10 mbar H2 at 493 K, the surface structure remains unchanged 

compared to UHV (Figure 44c). When both gases are present, in hydrogen-rich conditions at 493 K, the 

surface morphology is still similar to that in UHV (Figure 44d). Higher magnification images in Figures 

44e and 44f, however, show some additional features with roughly 1 Å apparent height, which might be 

due to chain hydrocarbons, though the main product of the reaction under such condition is methane.
171

 

The step edges remain frizzled (Figure 44g) due to metals atoms detaching and reattaching to the steps 

thermally or induced by the STM tip. In conclusion, apart from these small features the surface does not 

appear to undergo significant structural changes under hydrogen-rich reaction conditions used in Ref.
171

 

 

Figure 44: HPSTM images of the Co(0001) surface at 493 K (a) in UHV, (b) in the presence of 0.25 

mbar CO with the (√7×√7)R19.1° overlayer structure shown in the inset, (c) in the presence of 10 mbar 

H2, and (d-g) in the presense of 10 mbar synthesis gas mixture with 40:1 H2:CO partial pressure ratio. 

Neither in the presence of H2 nor in synthesis gas mixture, the surface undergoes significant 

morphological changes. Some additional features apparent in (e) and in (f), which have been attibuted to 

linear hydrocarbons on the surface. Image sizes are 240 × 240 nm
2
 in (a), 45 × 45 nm

2
 in (b), 95 × 95 nm

2
 

in (c), 230 × 230 nm
2
 in (d), 100 × 100 nm

2
 in (e), 90 × 90 nm

2
 in (f), and 50 × 50 nm

2
 in (g). Adapted 

with permission from Ref.
171

. Copyright (2014) Elsevier. 

 

CO hydrogenation on Co(0001) – sulfur poisoning: A practical question in HPSTM experiments, and 

in Ambient Pressure Surface Science experiments in general, is the effect of impurities. Sulfur impurity 
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has severe effects on catalyst activity; for instance, adding only 13-87 ppb H2S to synthesis gas was found 

to reduce the methanation rate by more than four orders of magnitude.
174

 As noted in Ref.
175

, even 

99.999% purity hydrogen gas bottles contain some amount of sulfur impurities (as shown in the supplier 

datasheets), which raises the question of the effect of sulfur contamination in with such hydrogen.  

Indeed, it was shown that the Co(0001) surface also suffers a sulfur-induced deactivation and XPS 

measurements after hydrogen-rich reaction conditions show prominent peaks in the S 1s region of the 

XPS spectrum. It is important to note that ultra-high purity hydrogen (99.9999%) is normally used in 

Surface Science experiments and it does not contain sulfur impurities in traceable amounts (e.g., the 

images in Figure 44 were obtained using such sulfur-free hydrogen).  

The HPSTM images acquired under hydrogen-rich reaction conditions with the sulfur-containing 

hydrogen showed striking differences with respect to the images obtained with sulfur-free hydrogen 

(Figure 45). The first noticeable difference is the roughness of the surface in the low-magnification image 

in Figure 45a: The surface still consists of atomic terraces separated by the monatomic steps, but with a 

high step density.
175

 The close-up image in Figure 45b clearly shows partially ordered structures on the 

surface, which were not present when sulfur-free hydrogen was used. One of the ordered structures are 

the stripes oriented along <21̅1̅0> directions where a local (2×2) structure can be identified. Another one 

is a hexagonal pattern rotated by approximately 20° with respect to the <21̅1̅0> directions, which is 

probably a (√19×√19)R23.4° structure. A (2×2) structure is known to form by adsorbed sulfur atoms on 

Co(0001),
176-178

 whereas the (√19×√19)R23.4° structure had not been reported before. 

  

Figure 45: HPSTM images of the Co(0001) surface at 493 K in the presense of 14.5 mbar of synthesis 

gas mixture with 30:1 H2:CO partial pressure ratio. Unlike in the study of Figure 44, the hydrogen gas 
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included traceable amounts ouf sulfur impurities. Image sizes are 90 × 90 nm
2
 in (a), and 25 × 25 nm

2
 in 

(b). Arrows mark one of the stripes with a (2×2) structure and an area with a (√19×√19)R23.4° structure. 

Adapted with permission from Ref.
175

. Copyright (2015) Elsevier. 

  

Several test experiments were performed in Ref.
175

 to clarify the observations: 1- Separate H2S 

dosing experiments in UHV resulted in the (√19×√19)R23.4° structure, with the (2×2) structure being 

absent. The authors believe that they were not able to prevent coadsorption of CO from the background, 

hence no (2×2) structure. 2- Sulfur typically adsorbs very strongly on metal surfaces, which causes the 

poising/deactivation of the surface. The Co(0001) surface was imaged after evacuating the chamber from 

the hydrogen-rich synthesis gas mixture, but the (2×2) and the (√19×√19)R23.4° patterns remained intact 

on the surface. This observation supports the idea that these structures originate from a strongly adsorbed 

sulfur. 3- When only the sulfur-containing hydrogen is present (instead of a mixture of hydrogen with 

CO), no ordered structures are apparent on the surface. Only after addition of CO to the gas mixture, these 

sulfur-induced structures stabilize on the surface. This final observation is a bit counterintuitive, but the 

authors believe that the (√19×√19)R23.4° structure on the surface originates from a mixed S/C layer 

instead of pure S. This is why this structure was never reported before in the literature. In other words, 

contrary to common assumption, the authors believe that both S and C (the latter as a product of CO 

hydrogenation) should be present on the surface to poison the surface. 

In summary, it is evident that even small traces of impurities can play a major role in Surface 

Science studies at ambient pressures. Other than Ref.
175

 there is no other HPSTM study that deals with the 

effects of impurities in the surface structures and chemistry. More studies focused on the role of 

impurities are clearly necessary in the Ambient Pressure Surface Science field.  

CO on Co(0001): Here, we return to the topic of carbide-mechanism vs. hydrogen-assisted 

mechanism of CO dissociation. HPSTM studies were performed in the presence of pure CO in order to 

investigate whether the Co(0001) surface is active by direct carbide formation mechanism.
179

 Figure 46a 

shows the image of the surface at 493 K, ~2 h after 0.22 mbar CO was introduced into the chamber. The 

most prominent structure on the surface is the hexagonal pattern from a (√7×√7)R19.1° adlayer structure 

of adsorbed CO molecules, which is also the structure observed in adsorption experiments at low 

temperature in UHV.
180-181

 There is also an additional triangular structure on the surface with the edges 

aligned with the closed-packed directions of Co(0001). These are local stacking faults in the topmost 

layer, stabilized by atomic C adsorbing at the fault lines as illustrated by the model shown in inset in 

Figure 46b. The reconstruction of the terraces in the form of fault lines requires ejection of Co atoms from 

the terrace sites, which attach to the steps.
179

 Figure 46c shows the image of the surface at 493 K, ~5.5 h 

after 0.22 mbar CO was introduced into the chamber. The surface evolves further, and the triangular 
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(N×N) superstructures now cover most of the surface. The model of the (5×5) superstructures is shown in 

Figure 46d. Only a small region of the surface is now covered with CO (area I in Figure 46c with a 

(√7×√7)R19.1° structure). Finally, there are also regions on the surface which are covered with Co2C, the 

so-called 'clock reconstruction' (area II in Figure 46c).
182

 All of these results suggest that at 493 K, the 

Co(0001) surface is indeed active enough to dissociate the adsorbed CO molecules. However, the 

dissociation rate is low compared to that of methane formation discussed previously in the hydrogen-rich 

conditions,
179

 suggesting that hydrogen-assisted pathway might be the desired pathway during FTS. 

 

Figure 46: HPSTM images of the Co(0001) surface at 493 K in the presense of 0.22 mbar CO. (a) Image 

acquired ~2 h after the introduction of CO, (c) image acquired after ~5.5 h. (b) and (d) models of the local 

stacking faults caused by the atomic carbon and the superstructures caused by it. Most of the surface in 

(a) and region I in (c) have the (√7×√7)R19.1° structure. Area II in (c) has a structure called 'clock 

reconstruction', which is a surface carbide structure. Image sizes are 60×60 nm
2
 in (a), and 90×70 nm

2
 in 

(c). Adapted with permission from Ref.
179

. Copyright (2015) American Chemical Society. 

 

CO hydrogenation on Co(0001) at industrial conditions: Industrial FTS conditions typically involve 

pressures of up to tens of bars, 1:2 mixture of CO to H2, and temperatures from 200 to 350 °C.
161

 Ref.
183

 

marks a milestone, as these extreme conditions for Surface Science studies were reached for the first time 

in HPSTM studies. Figure 47a shows an HPSTM image of the Co(0001) surface at 494 K surface 

temperature in the presence of 4 bar of gas with CO:H2:Ar partial pressure ratios of 1:2:2. The image was 

acquired 40 min after the introduction of the reactants, and shows a surface covered with a striped pattern 

with ~0.11 nm height, aligned with the three equivalent <101̅0> directions of the surface.
183

 Figure 47b 

shows a close-up look at the stripes. FFT analysis in Figure 47b, shows an average separation of ~1.8 nm 
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between the stripes. The stripes have an internal structure composed of lines perpendicular to the stripes 

with a spacing of ~0.46 nm, as highlighted with blue lines in Figure 47b. These stripes formed only in the 

presence of both reactants but not with pure H2 nor pure CO, and only when sufficiently high 

temperatures were reached.
183

 Moreover, the periodicity of such structures does not correspond to cobalt 

carbide,
184

 or to cobalt oxides.
185

 The island height and the striped pattern are strongly reminiscent of 

patterns formed by alkane molecules on a variety of clean single-crystal metallic substrates self-

assembling into regular, striped patterns.
186-189

 In light of all these, it was concluded in Ref.
183

 that the 

overlayer is a two-dimensional condensate of linear hydrocarbon molecules produced during FTS lying 

flat on the terraces. This strong conclusion demonstrates that the HPSTM technique is not only capable of 

atomically imaging a single-crystal surface under industrial conditions, but also able to determine the 

products of this reaction. Using this model, the periodicity of the stripes can be used to estimate the 

average product to consist of 14 C atoms. Figure 47c shows the distribution obtained this way. 
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Figure 47: (a-b) Overview and the close-up HPSTM images of the Co(0001) surface during Fischer-

Tropsch Synthesis (FTS) reaction. At a total pressure of 4 bar, with CO:H2:Ar partial pressure ratios of 

1:2:2, and surface temperature of 494 K. Inset in (b) FFT of the image, showing ~1.8 nm separation 

between the stripes and ~0.46 nm betweeen the features inside the stripes (e.g., the blue lines in (b)), 

which assigned to a linear hydrocarbon on the surface. (c) distribution of the length of the hydrocarbon 

molecules, estimated using the separation between the stripes. (d) schematic illustration showing step 

edges catalyzing the growth of the linear hydrocarbons by addition of  CH2 units to the growing chain. 

Adapted with permission from Ref.
183

. Copyright (2016) Springer Nature. 

 

According to the Schulz–Flory–Anderson model,
190-192

 the hydrocarbon chains grow via the repeated 

addition of CH2 monomers to the growing chain at the active site, which results in an exponential chain 

length distribution, which was observed experimentally many times. In the present case, small molecules 
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are also produced, but they desorb swiftly to the gas phase. Longer molecules, which are produced at 

much lower rates, reside on the surface much longer as they have stronger interaction with the surface 

(since they lie flat on the surface, their interaction scales with chain length). Figure 47d is a schematic 

illustrating this model. The active sites where CH2 monomer addition takes place are the step edges, and 

the terraces are just hosts where the long-chain can reside.
183

 Terrace sites themselves are active for 

methanation, but this gradually slows down as the chain growth reaction proceeds since the terraces 

become occupied with long linear hydrocarbon molecules.
183 

 

CO hydrogenation on a rough Co(0001): As we discussed above, the step edges are potentially the 

most active sites of the Co(0001) surface for long-chain hydrocarbon formation, whereas the terrace sites 

are only active in the production of the undesired methane as the product. A possible scenario is, 

however, the roughening of the flat surface by the synthesis gas mixture at ambient pressures and 

temperatures, which would render it highly active. Previously, we showed that this is not the case under 

hydrogen-rich conditions,
171

 and in this part we will show that this is also not the case when H2:CO partial 

pressure ratio is 2:1, at 950 mbar total pressure and 493 K sample temperature.
193

 In fact, the contrary is 

true, even an initially rough surface becomes smoother under such reaction conditions.
193

 

Figures 48a and 48b show the as-prepared flat surface and the same surface under reaction 

conditions, respectively. No structural differences between these two images can be observed. Another 

surface was prepared by means of Ar sputtering, as shown in Figure 48c. This surface underwent 

structural changes and it became smoother under reaction conditions (Figures 48d and 48e). This 

observation indicates that the hypothesis that the origin of the activity of the Co(0001) surface is through 

the formation of low coordinated sites during the reaction is probably not correct. The selectivity towards 

the long-chain hydrocarbons is associated with the step edges present there initially, but they do not form 

with time. Activity studies in Ref.
193

 show products with higher number of carbons to appear more on the 

sputtered surface (in comparison, the flat and sputtered surface a similar activity towards methane 

formation), however, this activity decreases with time, which can be attributed to the smoothening of the 

surface under reaction conditions. 
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Figure 48: (a) STM image of the as-prepared Co(0001) surface and (b) when the same surface is imaged 

in 950 mbar total pressure with H2:CO  ratio of 2:1, at 493 K, and 4.5 h after the start of the experiment. 

(c) shows a rough surface prepared by Ar sputtering, and (d) and (e) same surface under reaction 

conditions, 30 min and 5 h after the the start of the experiment, respectively. Whilst there is no change 

from (a) to (b), the surface becomes smoother from (c) to (e). Scale bar is 20 nm in each image. Adapted 

with permission from Ref.
193

. Copyright (2019) Springer Nature. 

 

10. Metal/Oxide Surfaces  

Although vast majority of Surface Science studies are performed on the surfaces of pure transition 

metals, more than 90% of industrial-type catalysts are transition metals supported on oxides. The 

metal/oxide interface indeed plays a very important role in catalytic processes. The oxide support is not 

always inert, and often interacts strongly with the metal catalyst, particularly when the metal in the oxide 

has several oxidation states and is easily reducible, a phenomenon called 'strong metal support interaction' 

(SMSI), which is still not yet fully understood. There is only one HPSTM study performed on the 

metal/oxide interface. In this case, a model catalyst surface was prepared by inverse geometry; that is a 

thin layer of oxide was grown on the metal crystal. This geometry allows preparation of flat surfaces, 

which is necessary for atomic level characterization with HPSTM. 
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CO oxidation on CoOx/Pt: Pt is the most widely used CO oxidation catalyst, but the cost of Pt group 

metals has driven efforts to replace these  materials with more earth-abundant alternatives. Certain 

transition metal oxides, e.g. CoOx (1<x<1.33), also has some CO oxidation activity at low 

temperatures,
194

 but CoOx catalysts suffer from deactivation under reaction conditions,
195,196

 a process 

attributed to water dissociation that form hydroxyls and react with CO to form bicarbonates.
197-201

 A 

recent work indicates that Pt nanoparticles supported on CoOx exhibit an unusually high CO oxidation 

activity relative to pure Pt, and much greater than that of Pt nanoparticles supported on other metal 

oxides.
202

 It is, therefore, important to understand the underlying mechanisms behind the activity of 

Pt/CoOx catalysts with Surface Science techniques applicable at ambient pressures, including HPSTM. 

In. Ref.
203

, it was shown with APXPS that the CoOx films on the Pt(111) surface can be reduced by 

CO very effectively even at room temperature if it contains oxygen vacancies. An intact CoOx film on 

Pt(111) is not reduced by reaction with CO, instead CO adsorbs on the oxide forming carbonates, which 

do not decompose until the temperature is increased to or above 260°
 
C. A particularly interesting case is 

when only a submonolayer of CoOx covers the surface, as APXPS revealed both surface carbonate and 

CO adsorbed on metallic Co. Structural evolution of the submonolayer oxide films was investigated with 

HPSTM, and the structural changes were correlated with the changes in the surface chemistry. Figure 49 

shows the surface in the presence of CO and in the presence of CO and O2 mixture at room temperature. 

When only CO is present, the interior of the CoOx islands have a hexagonal structure, because they are 

reduced and CO adsorbs on the metallic Co (Figure 49, images at the top). The edges of the islands are 

higher in height, because CoOx is not reduced here, due to strong oxygen binding following the Sabatier 

principle, and CO adsorbs on the oxidic site to form a surface carbonate.
203

 This means, contrary to the 

common belief that the under-coordinated sites at the periphery of the metal-oxide are the active sites in a 

reaction, the interior sites of the CoOx islands are more active in the present case. When both CO and O2 

gases are present, more edges (i.e, more surface carbonate structure), appear on the surface, and the 

chemical state of Co remains oxidic (Figure 49, images at the bottom). This work illustrates the power of 

HPSTM, as the local variations in structure could be correlated directly to the two different phases 

observed with spatially averaging spectroscopy techniques. Combining APXPS with HPSTM and DFT 

calculation it was possible to obtain chemical information at the atomic level from a very complex 

surface. 
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Figure 49: (a-c) HPSTM images of a submonolayer CoOx film on Pt(111) under 140 mTorr CO. 

Expanded images of the film reveal a hexagonal ordered structure at the island interiors due to CO 

adsorbed on metallic Co, and a high contrast edge structure due to CO adsorbed on oxidic Co as a 

carbonate. An apparent height line profile is shown in (d) along the line in (c). Images acquired under CO 

+ O2 mixtures are shown in (e), and (f) for the same islands in (a)-(c). The density of oxidized step edges 

increases when O2 is added to the gas mixture. Apparent height line profiles shown in (g) and (h) are 

along lines 1 and 2 in (f). Adapted with permission from Ref.
203

. Copyright (2020) American Chemical 

Society. 

 

11. Bimetallic Surfaces 

There is an increasing interest in bimetallic catalysts, because the flexibility in adjusting the nature of 

the metal components and their fractional amount. This high tunability enables the design of promising 

new catalysts with higher activity and selectivity compared to elemental metal catalysts.
204-205

  Some of 

these bimetals are called 'surface alloys', particularly for bulk immiscible metals where an alloy can still 

be formed on the surface. Recipes for preparing bimetallic surfaces are available in the literature thanks to 

decades of Surface Science studies. The main goal in bimetallic catalysis is to benefit from the desired 

traits of each constituent metal. Few HPSTM studies on surface alloys and on bimetallic surfaces were 

performed in recent years, because a thorough understanding of the single component metal systems had 

to first precede them. In this section we will review HPSTM studies of bulk alloys, surface alloys, and 

metals supported on other metals. 
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CO on Au-Ni(111): The earliest HPSTM study of a surface alloy was the CO adsorption and 

clustering of the Au-Ni(111) surface at room temperature.
206-207

 Figure 50a shows an atomically resolved 

STM image of the Au-Ni(111) surface alloy surface, where the Au atoms appear as depressions in the 

STM contrast. Such a surface alloy can be prepared by depositing submonolayers of Au on Ni(111) via 

evaporation, and then annealing the sample at 800 K.
206

 Under CO gas pressures between 13 and 1000 

mbar clusters were formed on the surface. Time-lapse HPSTM images acquired at 13 mbar show the 

appearance of clusters at the step edges (Figure 50b-d), as Ni-carbonyls form at the step edges which 

desorb to the gas phase and leaving Au clusters behind. This process starts after an incubation time, which 

is due to the initial Au deposits preferentially decorating the step edges. It is important to mention that the 

pure Ni(111) surface does not form such clusters. The presence of Au atoms inside the Ni matrix 

facilitates Ni-carbonyl formation as more CO molecules can adsorb on a single Ni atom at the step edge 

while the neighboring Au atoms remain empty.
206

 The HPSTM observations were also supported by DFT 

and by Monte Carlo simulations.
206,207

 From a more practical point, these results suggest that the Ni-Au 

surface alloy is not stable in the presence of CO, which makes it not very useful as an alloy catalyst. 
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Figure 50: (a) Atomically resolved STM images of the Au-Ni(111) surface alloy, and (b-d) 100×100 nm
2
 

HPSTM images in the presence of CO gas at 13 mbar pressure. All images were acquired at room 

temperature. (b) Image acquired immediately after addition of CO, (c) and (d) images acquired 

respectively 50 and 100 minutes after CO addition. The formation of Au islands is assumed to be the 

result of Ni-carbonyl formation and desorption to the gas phase. Adapted with permission from Ref.
207

. 

Copyright (2006) Elsevier.  

 

CO on Co-Cu(110) surface: Co-Cu is another example of a surface alloy as Cu and Co are 

immiscible in the bulk but they can mix on the surface. Whilst pure Co is the industrially used catalyst for 
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the CO hydrogenation reaction for production of alkenes and alkanes,
162

 inclusion of Cu showed some 

increase in the selectivity towards valuable oxygenated products.
208,209

 More recently, bimetallic Co-Cu 

systems in the form of single-crystals or core-shell nanoparticles have been studied, and the effect of 

reactant gases in modifying their structure has been demonstrated to a certain extent.
210-212

 Because of 

high interest in applied catalysis and in traditional Surface Science studies, ambient pressure Surface 

Science studies were performed using a combination of HPSTM, APXPS, IRRAS, and DFT, and the 

structure of a model Co-Cu surface alloy catalyst was determined at ambient CO pressures at room 

temperature.
213

 Figure 51a shows an STM image of a Co-Cu(110) surface prepared according to Ref.
214

. 

In this structure, some of the surface Cu atoms of the (2×1)-restructured 'added Cu-O rows' were replaced 

by the Co atoms, and the displaced Cu atoms formed islands on the surface. As Co has a higher electronic 

density of states close to the Fermi level, Co atoms appear brighter than the Co atoms under STM, which 

allows their identification in the images. Figure 51b shows the magnified derivative image with the 

variations of tunneling contrast in the image reflecting this difference.  

 

Figure 51: (a) STM image of the CuCo surface (a) prior to CO dosing in UHV, and (c) in the presence of 

3 Torr CO at RT. (b, d) Expanded areas and suggested ball-models. Before dosing CO, the surface is 

composed of a CuCo alloy, which de-alloys in the presence of CO. In (d), the maxima are assigned to CO 

molecules bound to top Co sites forming dimers in short rows along the [001] direction. The expanded 

image in (b) is shown in derivative mode to enhance the contrast inside the linear structures which consist 

of both Co and Cu atoms, with Co appearing higher due to higher electron density near the Fermi level. 

Adapted with permission from Ref.
213

. Copyright 2018 American Chemical Society. 

 

Figure 51c shows an atomically resolved image of the same surface alloy in the presence of 3 Torr 

CO. Here the clusters appear as dimer rows in the form of pairs of bright spots along the [11̅0] direction 

separated by 3.5 Å, substantially larger than the Cu atomic lattice spacing of 2.55 Å. This can be 

explained by assigning the maxima in the STM contrast to the CO molecules that are adsorbed on the top 
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Co-sites and tilted away from each other due to steric repulsion.
213

 On the [001] direction the periodicity 

is 3 Å, which is less than the atomic periodicity 3.61 Å in that direction. This peculiar adsorption 

geometry can be explained by the formation of locally dense CO structures with more than one molecule 

per Co atom, akin to Co-carbonyls. From IRRAS spectra, it was evaluated that CO adsorbs both on top 

and on bridge Co sites. So the observed STM contrast originates from the CO adsorbed on the top sites, 

but the adsorption geometry on each dimer has combinations of 3 CO (2 top sites, 1 bridge site) and 5 CO 

(4 top sites, 1 bridge site) molecules.
213

 Figure 51d shows the ball-model of a possible Cu dimer row fully 

covered with CO. The DFT calculations support this model by showing that isolated 2-Co atom clusters 

can accommodate 5 CO molecules and such clusters are energetically favored.
213

 Independent DFT 

studies in Ref.
215

 also found similar results, i.e., multiple CO adsorbing on single Co site. This interesting 

result is in line with an old result in the literature, which also suggests that multiple CO molecules can 

adsorb on a single Co site.
216

 The authors used Co deposits on Cu(100) as their model system in that 

study.
216

 

CO oxidation on Pt3Ni(111): The next two examples are on bulk alloys. The first is Pt-Ni, a 

bimetallic catalyst with an enhanced catalytic activity for the CO oxidation reaction.
217

 The alloys are 

available commercially in many orientations. The Pt3Ni(111) alloy was prepared by conventional 

sputtering and annealing cycles, which resulted in a Pt-skin on the surface, as evidenced from the 2.8 Å 

separation between the neighboring atoms in the STM image shown in Figure 52a.
218

 Despite the same 

atomic structure of the pure Pt(111) surface and the topmost Pt(111)-like layer of the Pt3Ni(111) surface, 

their electronic structures are significantly different.
219,220

 This difference in the electronic structure 

affects the structure of the CO adlayer: Whilst a moiré pattern due to high CO coverage forms on the 

Pt(111) surface as discussed before,
19

 no such structure forms on the  Pt3Ni(111) surface (Figure 52b). 

Instead, the (1×1) structure of the surface was observed, with CO adsorbed sites appearing brighter under 

HPSTM.
218

 In the presence of O2, however, more dramatic changes occur on the surface: Ni atoms from 

the subsurface are pulled out to the surface forming oxidized Ni clusters (Figure 52c). When both CO and 

O2 are present, with a partial pressure ratio of 1 to 5, less oxidized Ni clusters are apparent on the surface 

(Figure 52d). Time-lapse HPSTM images show that these clusters are mobile on the surface.
218

 APXPS 

and mass spectroscopy analysis suggest that these clusters are substoichiometric NiOx (x<1) particles with 

a CO2 production activity higher than that of both Pt(111) and Ni(111) surfaces.
218

 It is well-known that 

during the CO oxidation reaction, a Pt surface gets poisoned at room temperature, as CO adsorbs strongly 

on Pt. In the case of a NiOx-covered Pt(111), the surface is still not active enough, as reducing NiO is 

energetically very costly, hence a high energy barrier. In the present case, however, CO could adsorb on 

the Pt sites and remove the oxygen atoms at the edges of the oxide clusters that are shared between the Ni 
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and Pt atoms.
218

 DFT calculations suggest an energy barrier as low as 0.37 eV in this case, which is why 

the reaction occurs even at room temperature.  

 

Figure 52: (a) STM image of the Pt3Ni(111) surface in UHV, which has a layer of pure Pt atoms (called 

the “Pt-skin”), with the atomic periodicity of Pt(111). (b-d) HPSTM images of the Pt3Ni(111) surface at 

room temperature respectively in the presence of CO, O2, and a mixture of CO and O2. The Pt-skin is 

maintained only when CO is present (b), but oxidized Ni clusters appear on the surface when O2 alone is 

present (c). When both gases are present, oxidized Ni particles still appear on the surface, but in smaller 

size and density (d). Adapted with permission from Ref.
218

. Copyright 2018 American Association for the 

Advancement of Science. 

 

Water assisted oxidation of Pt3Co: An important yet poorly studied topic in Surface Science at 

ambient pressures is the role of water, either as an impurity or as part of a reaction. In an attempt to 

establish the role of water in the oxidation of the Pt-Co alloy, combined studies using HPSTM and 

APXPS were performed in Ref.
221

. The final annealing step during the preparation of Pt3Co(111) resulted 

in the formation of a Pt-skin layer, as shown in the STM image in Figure 53 left-a. This surface was 

oxidized at 460 K surface temperature at a total gas pressure of 0.1 Torr, either in dry conditions (i.e., N2 

and O2 mixture) or in humid conditions (i.e., H2O and O2 mixture). As shown in Figure53-left b and c, 

two processes resulted in a different surface morphology:
221

 Dry oxidation resulted in the formation of 

CoO clusters, similar to those observed on oxidized Co on Au(111).
222

 Humid oxidation, on the other 

hand, resulted in the formation of multilayers of Co oxide. Further analysis under humid conditions was 

performed as a function of surface temperature. At 370 K, the surface appeared completely covered with 

oxidized Co clusters, due to the subsurface Co atoms segregating to the surface, similar to the previous 

discussion on the oxidation of the Pt3Ni(111) crystal (Figure 53 right-a). At 440 K, however, the surface 

underwent a phase transition and a layer of oxidized Co covered the surface (Figure 53 right-b). The 

lattice mismatch between this oxide layer and the underlying surface resulted in a moiré pattern (Figure 

53-right lower panel). Finally, at 480 K, multilayers of oxidized Co form on the surface and the moiré 
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pattern disappeared (Figure 53 right-c). APXPS spectra showed a significant amount of oxidized Co on 

the surface, which were strongly hydroxylated at 500 K and above.
221

 

 

Figure 53: Left: (a) STM image of the Pt3Co(111) surface, with a Pt-skin layer and atomic periodicity 

similar to that of Pt(111). (b) and (c) Same surface under dry and humid oxidation conditions, 

respectively, showing different surface morphologies. Schematic models of the proposed structures are 

shown below. Right: Temperature-dependent changes in the surface structure under humid oxidizing 

conditions. Whilst clusters form at 370 K, a layer of O/Co/Pt forms at 440 K which results in a moiré 

pattern due to lattice mismatch, which becomes a multilayer and start to hydroxilate at 480 K. Adapted 

with permission from Ref.
221

. Copyright 2019 American Chemical Society. 

 

12. Conclusions and Outlook 

We can separate the HPSTM studies into two main groups: Adsorption studies and reaction studies. 

Adsorption studies at ambient pressures on low Miller-index single-crystal surfaces revealed four 

different results:  

1- The adsorbed layer has the same structure as that in the low pressure – low temperature 

regime. The structure of the metal remains unchanged.  

2-  A dense adsorbate layer forms on the surface, which was not previously observed. The 

structure of the metal remains unchanged.  

3- The substrate surface restructures by breaking up into clusters. When this was observed on 

readily-reconstructed surfaces, the phenomenon was not too surprising as the initial surfaces 

were already prone to changes. 

4- A more unexpected and interesting case is when unreconstructed surfaces break up into 

clusters, which was observed on Cu and stepped Pt surfaces.  
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Table 1 summarizes the adsorption studies on low Miller-index surfaces and their results that are 

discussed in this Review.  

 

Table 1: Adsorption studies on Low Miller-Index surfaces in the presence of one gas species. The 

experiments were conducted at room temperature or slightly above. Whilst in some cases adsorption 

results in dense adsorbate layer structure (sometimes exactly the same as the structure observed in UHV 

studies) without modifying the adsorbent structure, in other cases the structure of the adsorbent evolves.  

Surface Readily 

reconstructed 

in UHV 

Gas Prominent changes in 

adsorbent structure once 

gas is added 

Similar adsorbate 

structures in UHV and in 

the presence of gas 

Ref. 

Pt(111) No – (1×1) CO No No 
19 

Pt(100) Yes CO Yes – reconstruction 

lifted  

No 
28 

Pt(110) Yes CO Yes – reconstruction 

lifted 

& mild clustering 

No 
37 

Pt(110) Yes C2H4 No n/a 
54 

Cu(111) No – (1×1) CO Yes – heavy clustering No 
57 

Cu(100) No – (1×1) CO Yes – heavy clustering No 
61 

Cu(110) No – (1×1) CO Yes – mild clustering No 
63 

Rh(111) No – (1×1) CO No Partially  
38 

Rh(111) No – (1×1) NO No Partially 
46 

Au(111) Yes  CO Yes – reconstruction 

lifted 

& mild clustering 

n/a – measurements after 

pumped 

69 

Au(111) Yes CO Yes – reconstruction 

lifted 

& mild clustering 

n/a – measurements after 

pumped 

70 

Au(110) Yes CO Yes – reconstruction 

lifted 

 

n/a 
68 

Cu(100) No – (1×1) CO2 Yes – mild clustering n/a – low coverage 
77 

Cu(100) No – (1×1) CH3OH No Yes – c(2×2) 
79 

Cu(110) No – (1×1) H2 No Yes – (1×2) 
75 

Pd(111) No – (1×1) NO No Yes – (2×2)-3NO 
43 

Co(0001) No – (1×1) CO No Yes – (√7×√7)R19.1° 
179 

 

Other adsorption studies summarized in this Review were performed on vicinal surfaces, on thin 

oxide films on metals, and on bimetallic surfaces. CO was found to restructure the vicinal surfaces of Pt 

and Ni easier than the low Miller-index surfaces. Similarly, O2 oxidizes and thereby changes the 

morphology of the step edges on Pt and Ag, whereas the terraces remain metallic. On bimetallic surfaces, 

dealloying and surface separation phenomena were observed in the presence of gases. Both of these 
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phenomena were already observed numerous times with spectroscopy experiments on nanoparticle 

catalysts. Interestingly on bimetallic surfaces it was observed that multiple CO molecules can adsorb on 

Ni and Co atoms, akin to carbonyl molecules.   

Some of the most common reaction studies performed in model catalysts involve CO oxidation and 

CO hydrogenation, the latter exclusively on Co. In the CO oxidation studies, the general trend is the 

bistability of the surface between a relatively smooth metallic surface and a relatively rough oxidic 

surface, which can explain the oscillatory behavior observed in the catalysis studies on this reaction. In 

the CO hydrogenation studies, the general trend is that the steps are the active sites for the formation of 

desired long-chain hydrocarbons, and no new steps form under reaction conditions. We can thus conclude 

that one of the most often asked questions related to the surface structure during FTS on Co surfaces has 

been addressed by Surface Science studies.  

We think that the HPSTM field should in the future focus on other industrially important reactions 

like ethylene oxidation, methanol oxidation, methane reforming, etc. 

The HPSTM field is still relatively young, with only few groups working with this technique. Within 

the last three decades, there are only ~50 studies with HPSTM which we covered in this Review, and only 

a few of them combine HPSTM with powerful ambient pressure spectroscopic techniques of APXPS, x-

ray absorption spectroscopy, grazing x-ray diffraction, and of course optical techniques such as IR 

spectroscopy, Raman spectroscopy, etc. In the 2010-2019 decade, there was only a small increase in the 

number of publications compared to previous decades. The reason for this low output, in our opinion, is 

the difficulty of the experiments and the scarce availability of instruments. This is expected to change in 

the future due to the increased commercial availability of stand-alone systems (e.g., Aarhus STM and 

Leiden STM). 

An important difficulty in HPSTM experiments is keeping the surfaces clean compared to UHV 

conditions. This is due to impurities in the gases used to fill the chambers, even for 99.9999% purity 

grade gases. For instance, in an experiment at 1 bar the partial pressure of impurities is 10
-3

 mbar, which 

can compete for adsorption sites in some cases. Even pure gases can displace adsorbates from walls, 

which can produce background impurities. These difficulties are, in some cases, surmountable, but 

requires stringent methodologies and refined methods of chamber cleaning and gas 

purification. Contamination issues in ambient pressure microscopy and spectroscopy experiments is 

worthy of an article of its own, therefore we will not discuss them in further detail here. We think that a 

good procedure to alleviate contamination issues is to periodically ignite a nitrogen plasma in the 

chamber to minimize the hydrocarbon contamination emanating from the chamber walls. Prior to each 

experiment, the measurement chamber should be baked out for 48 h over 105 °C to minimize water 
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impurities. It is also important to check the sample cleanliness after each experiment, i.e., after evacuation 

of the gases, with either XPS or AES. 

Another typical issue is tip instability. In routine HPSTM operation, images of the clean surfaces are 

acquired in UHV prior to dosing gases with a sharp STM tip, typically made of Pt/Ir or Pt/Rh. However, 

once the gases are introduced into the measurement chamber, they adsorb on the tip surface and modify 

its chemical nature and even its physical shape so that it may become blunt. Tip-recovery procedures in 

ambient pressure experiments are similar to those in UHV: By electrical pulsing or by gently touching the 

sample surface. During imaging at ambient conditions, some gases like CO can adsorb strongly on the tip 

without causing tip instabilities. However most contaminated tips are unstable and produce poor quality 

images. 

A topic we did not discuss in detail in this Review is the potential use of the STM tip to induce or 

catalyze reactions. Although not many recent studies are performed today, two old studies illustrate the 

potential utility of this procedure.
223,224

  In these studies, carbonaceous fragments were first deposited on 

Pt (l l l) by partial dehydrogenation of propylene. Then a Pt/Rh STM tip was activated by applying a 

voltage pulse which removed the contaminant material from the tip. The clean STM tip catalyzed the 

dissociation of H2 or O2 molecules, which respectively hydrogenated and oxygenated the carbonaceous 

species covering the Pt(111) surface.
223,224

  The clean metallic tip remains active until after some time it 

gets covered again with carbonaceous species. The procedure is more effective at smaller tip-sample 

distances. The tip can be deactivated by coating its apex with Au, which in return results in no 

hydrogenation or oxidation of the surface even after pulsing the tip.
223,224

 These results raise interesting 

questions. To avoid any tip-related chemistry during HPSTM experiments it may be beneficial to use inert 

materials, like Au-coated tips, but this comes at the expense of lower resolution due to large size of the tip 

apex after Au deposition. More important question is to what extend does the tip contribute to the surface 

structure and morphology observed on sample surfaces. Such important questions however have not 

received the attention that we believe they deserve.  

We believe that the impact of HPSTM combined with or spectroscopy studies at high pressure (for 

example IRRAS, APXPS, etc.) is very high for catalysis, because there are not many options for 

obtaining structural information from a working catalyst. What makes such structural information very 

unique and important is that it can completely change the interpretation of the applied catalysis or 

spectroscopy studies. No other technique in our field has such an impact. 
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