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0 Chapter 0: Abstract 
Visualizing a model catalyst surface on the atomic scale can help 

to explain its chemical activity and its properties observed during 

electrochemical characterization. In this work, carried out in Ultra 

High Vacuum (UHV) conditions, a Pt(111) single crystal is firstly 

characterized and then covered with submonolayer films of RuOx 

deposited via thermally activated chemical vapor deposition (CVD) 

in presence of an oxygen background pressure. The RuOx/Pt(111) 

model catalyst, with various coverages obtained by changing dep-

osition time, is initially investigated under UHV via Low-Energy 

Electron Diffraction (LEED), X-ray Photoelectron Spectroscopy 

(XPS) and Scanning Tunneling Microscopy (STM). This last tech-

nique was abundantly used to understand the deposition process 

and the growth of the ruthenium film. Afterwards, the sample ac-

tivity toward the Hydrogen Evolution Reaction (HER) in alkaline 

conditions is tested in an electrochemical cell to correlate the cov-

erage, composition and morphology of the adlayer to the reaction 

mechanisms affecting the catalysis, in an effort to understand 

whether a bifunctional mechanism between platinum and ruthe-

nium is at play during the electrocatalytic evolution of hydrogen. 
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1 Chapter 1: Introduction 

1.1 Introduction 

The rates at which environmental disasters occur1 and the Earth 

temperature rises2 are growing faster every year. CO2 yearly emis-

sions from combustion and industrial processes are continuously 

increasing, reaching 36.3 Gt in 2021 and showing a worrying trend 

for the upcoming decades3. Overthrowing the current climate 

trend is not only desirable, but a moral obligation for whoever 

wishes to survive on this planet. The European summer of 2022 

showed to everyone what is waiting for humanity if we don’t 

quickly adjust the trend: aridification, extreme heat, vast wildfires, 

sudden glaciers’ melting and droughts are just some of the plagues 

that are going to haunt our future like the cruel eagle eternally 

feasting with Prometheus’s liver. If we don’t use all of our re-

sources to keep the Earth a habitable place, we will not deserve 

the epithet of the tormented Prometheus, the “fore-thinker”: on 

the contrary, we will be more similar to his brother Epimetheus, 

the “afterthinker”, the Titan who foolishly accepted Pandora and 

her box despite Prometheus’s warning. 

In this context, it is imperative that we strive to develop technolo-

gies capable of leading humanity to a more sustainable future. 

Currently, only 4% of the world’s H2 production comes from 
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renewable sources4, mainly due to i) the lower price of fossil fuels 

from which H2 can be produced via gas reforming and ii) the high 

prices of electricity. Electrolysers (see section 1.2) are significant, 

for they will allow us to store the discontinuous energy produced 

by renewables into H2, a clean fuel which, once used (either by 

combustion or in a fuel cell), only produces water as exhaust gas; 

on the other hand, it is from water itself, one of the most abundant 

resources on the planet, that we can split into hydrogen and oxy-

gen via electrolysers, in a virtuous cycle. 

Three main technologies are currently being studied for water 

electrolysis: solid oxide electrolysis (SOEL), proton exchange mem-

brane electrolysis (PEMEL) and alkaline electrolysis (AEL). SOEL re-

quires high temperatures to work properly, between 700 and 

900°C, which can be expensive to reach and maintain, and typically 

operates in very corrosive environments which require the devel-

opment of appropriate materials5. PEMEL is considered a flexible 

and easy to start up method, but with shorter lifetimes and higher 

maintenance requirements than AEL6, which is highly regarded as 

the most reliable technology for up-scaling H2 production7. For 

these reasons, we are going to investigate the reaction mecha-

nisms that affect the catalysis of alkaline water electrolysis 

through model catalysts made of platinum and ruthenium, in an 
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effort to better understand how to improve the hydrogen produc-

tion. 

Although Pt(111) is among one of the most studied model cata-

lysts, the fields of the unknown still stretch far beyond the horizon 

over its crystalline planes. Platinum is a noble metal known to be 

the benchmark catalyst for the acidic hydrogen evolution reaction, 

which is among the most documented reactions. However, the ex-

perimental reaction rate of the same reaction happens to be 

around two orders of magnitude slower in an alkaline medium. In 

this case, the nature of the active sites is still unknown, and so is 

the effect of the pH on the activity. In acidic medium, the hydrogen 

binding energy serves as a conclusive descriptor of a catalyst ac-

tivity8, but it becomes insufficient in an alkaline medium9. Within 

this field lies the design and synthesis of catalysts that may be 

more efficient and durable than their predecessors. Platinum and 

ruthenium have already been studied as synergistical and cooper-

ative noble metals for alkaline HER, but very little is still known on 

the mechanism which allows them to be more active together. 

While some studies claim that the modulation of platinum elec-

tronic structure by ruthenium is the most relevant effect10, others 

suggest a bifunctional mechanism through which the more oxyph-

ilic character of ruthenium would easily split water and adsorb OH 
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groups, letting the platinum sites free to evolve adsorbed hydro-

gen atoms into molecules11. It is currently accepted that the hy-

drogen adsorption free energy ΔGH* remains a key thermodynamic 

descriptor of HER activity, although the overall reaction rate in al-

kaline medium is strongly affected by the kinetic barrier to water 

dissociation, while some authors argue that the hydrogen binding 

energy parameter, conclusive in acidic solutions, is still relevant at 

pH 1312. 

In this context, a catalyst made of submonolayer nanoislands of 

RuOx deposited onto a Pt(111) single crystal can be particularly 

interesting. Given a high interfacial area between the two materi-

als, the activity can be expected to improve significantly if a bifunc-

tional mechanism is at work. Metal oxide phases, due to their 

lower surface energy, typically expose undercoordinated oxygen 

atoms which can easily adsorb water and hydroxyl groups, there-

fore helping platinum to evolve hydrogen at a higher rate. The use 

of an ultra-high vacuum (UHV) chamber allows to prepare and 

characterize in a very controlled way the investigated system, 

while the use of a scanning tunneling microscope (STM) will prove 

useful in correlating the morphology of the material at the nano-

metric scale with its catalytic activity precisely and reproducibly. 
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1.2 Alkaline Electrolysis 

1.2.1 Purpose of Alkaline Electrolysis 

Electrolysers are devices made of two electrodes, the anode and 

the cathode, immersed in an electrolytic solution, used to produce 

hydrogen and oxygen out of water; a schematic view of the system 

can be seen in Figure 1-113. 

Alkaline water splitting occurs via two semireactions: the hydro-

gen evolution reaction (HER) occurs at the cathode, where two 

water molecules are adsorbed and converted to two hydroxyl ions 

and hydrogen gas, while at the anode four hydroxyl ions are oxi-

dized into an oxygen molecule and two water molecules, consti-

tuting the oxygen evolution reaction (OER)14. Given the chance of 

Figure 1-1, schematic representation of an electrolyser. 
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the produced gases to react, the two electrodes are usually sepa-

rated by a diaphragm permeable to the electrolytic solutions but 

not to gases. 𝐶𝑎𝑡ℎ𝑜𝑑𝑒:  2𝐻2𝑂(𝑙) + 2𝑒− → 𝐻2(𝑔) + 2𝑂𝐻(𝑎𝑞)−  

𝐴𝑛𝑜𝑑𝑒:  2𝑂𝐻(𝑎𝑞)− → 𝐻2𝑂(𝑙) + 2𝑒− + 12𝑂2(𝑔) 
𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 𝐻2𝑂(𝑙) → 12𝑂2(𝑔) + 𝐻2(𝑔) 

The produced gas moles are proportional to the number of elec-

trons exchanged, as per the Faraday laws. A better catalyst is 

therefore one that can exchange higher amounts of current, given 

a certain applied potential. A good catalyst also needs to be dura-

ble, cheap, and easy to produce in high amounts. Figure 1-2, taken 

from a work by Mahmood et al.15, shows a Volcano plot for HER in 

alkaline medium for a few metals15: given the (questionable, as will 

later be discussed) metric of the hydrogen binding energy to the 

metal on the X axis, the various samples are represented on the 

graph depending on their exchange current i0. 
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The hydrogen Gibbs free en-

ergy of adsorption determines 

how strongly it interacts with 

the catalyst surface: if a bond is 

too weak, hydrogen atoms will 

be likely to desorb before 

evolving to the molecular gas, 

while a bond too strong can 

prevent diffusion of the atoms on the surface and their further 

evolution towards the product, de facto poisoning the catalyst. 

i0, the exchange current, is a kinetic indicator of how well a reac-

tion performs, fundamental in the Butler-Volmer equation: 

𝑖 = 𝑖0  [𝑒𝑥𝑝 ((1 − 𝛼)𝑛𝐹𝜂𝑅𝑇 ) + 𝑒𝑥𝑝 (−𝛼𝑛𝐹𝜂𝑅𝑇 )] 
When the overpotential 𝜂, which is the difference between the 

applied potential and the equilibrium thermodynamic potential, is 

equal to zero, then the current is equal to the exchange current. 

The higher the exchange current, the lower the kinetic barriers to 

the electron transfer and, therefore, the reaction rate is faster. 

Figure 1-2, Volcano plot representing 
the activity of various metals for alka-
line HER taken from reference 15. 
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Depending on the hydrogen bonding energy to the surface and on 

other kinetic barriers, three main processes can be the rate deter-

mining step to alkaline HER: 

i) Volmer reaction: water reduction and adsorption of 

hydrogen atoms 𝑀 + 𝐻2𝑂(𝑙) + 𝑒− → 𝑀𝐻𝑎𝑑 + 𝑂𝐻(𝑎𝑞)−  

ii) Heyrovsky reaction: electrochemical hydrogen de-

sorption 𝑀𝐻𝑎𝑑 + 𝐻2𝑂(𝑙) + 𝑒− → 𝑀 + 𝐻2(𝑔) + 𝑂𝐻(𝑎𝑞)−  

iii) Tafel reaction: chemical hydrogen desorption 2𝑀𝐻𝑎𝑑 → 2𝑀 + 𝐻2(𝑔) 
In absence of H+ ions in the solution, the Volmer step is deemed 

necessary, while the other two can occur either simultaneously or 

exclusively, depending on the conditions. In case of high applied 

overpotential in a region where the electron transfer is the rate 

determining step, from the Butler-Volmer equation one can derive 

the Tafel law. 

𝑇𝑎𝑓𝑒𝑙 𝐿𝑎𝑤: lim𝜂→∞ 𝑖0  [𝑒𝑥𝑝 ((1 − 𝛼)𝑛𝐹𝜂𝑅𝑇 )𝑒𝑥𝑝 (−𝛼𝑛𝐹𝜂𝑅𝑇 )]  ⟹ 𝜂
= ln |𝑖0| 𝑅𝑇𝛼𝑛𝐹 − ln|𝑖| 𝑅𝑇𝛼𝑛𝐹 = 𝑎 + 𝑏 ln|𝑖| 
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Depending on the catalyst and on the experimental conditions, 

one can determine a value of the Tafel slope 𝑏, an indicator of 

which of the three aforementioned steps is the rate determining 

one. In an alkaline medium, the Rate Determining Step (RDS) of 

HER for the basal plane on a Pt(111) crystal is supposed to be the 

water dissociation, i.e. the Volmer step which has an associated 

theoretical Tafel slope of 120 mV/dec, but experimental measure-

ments can lead to multiple possible values between 50 and 150 

mV/dec9,16. 

 

1.2.2 Alkaline HER on Pt(111) and the addition of Ruthe-

nium 

The mechanism of the alkaline hydrogen evolution reaction on a 

Pt(111) crystal is highly debated. Noble metals such as Pt, Pd, Ru 

and Ir, which strongly interact with hydrogen, can adsorb it at 

more positive potentials than its evolution equilibrium one. This 

phenomenon, known as under-potential deposition of hydrogen 

(Hupd), determines the formation of a chemisorbed monolayer of 

hydrogen prior to its evolution17. Even though the alkaline activity 

is around two orders of magnitude lower than in acidic medium, 

Hupd is the same and metal-hydrogen bond is equally strong in both 

environments (around 240 kJ/mol)16. These experimental results 

constitute a good argument against a theory according to which 
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the hydrogen bonding energy (HBE) can be regarded as the main 

descriptor of activity. In fact, from a thermodynamic point of view, 

Hupd should occur identically in acidic and alkaline environments. 

The limits to alkaline HER on Pt(111) must therefore be either ki-

netic, as an extra energy barrier to hydrogen adsorption is re-

quired by the extra step of water dissociation necessary at high 

pH, or related to entropic barriers associated with the crossing of 

the double layer.  

A recent computational study18, focused on the Pt(111) HER de-

pendence on pH, demonstrated that the adsorption energy of OH- 

on Pt(111) is potential-dependent, due to the charged nature of 

the ion. A more negative field was naturally found to weaken the 

adsorption. Given the concentration of H+ ions at pH 13, the au-

thors also considered that the proton donor could either be H3O+ 

or H2O, calculating that the proton transfer barriers were larger 

than in acidic media, thus introducing a kinetic barrier. This is con-

sistent with a study by Markovic et al.19 reporting that, while the 

heat of adsorption of both H and OH on Pt(111) is essentially inde-

pendent on pH, at low overpotentials the catalyst surface sites can 

be occupied by OHad, blocking the adsorption of H. Interestingly, 

the higher OH surface coverage was found to be a reason for the 
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enhanced catalysis of CO oxidation in alkaline medium with re-

spect to an acidic one. 

 

Platinum and ruthenium in catalysis and their interaction 

The Volmer step, i.e. the water dissociation, constitutes the main 

kinetic barrier to alkaline HER, and therefore it is one of the most 

important aspects that need to be taken into consideration when 

designing a Pt-based catalyst. Similar reasonings pushed Markovic 

et al.20 to make a Pt(111) catalyst onto which Ni(OH)2 nanoislands 

were deposited. The vast triple phase boundaries between 

Pt(111)/Ni(OH)2/H2O, as shown in Figure 1-3, constituted an 

Figure 1-3: Schematic representation of water dissociation, formation of M-

Had intermediates, and subsequent recombination of two Had atoms to form 

H2 (magenta arrow) as well as OH– desorption from the Ni(OH)2 domains (red 

arrows) followed by adsorption of another water molecule on the same site 

(blue arrows)17. 
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efficient system in which the metal oxide could dissociate water 

and platinum could then evolve the adsorbed hydrogen atoms to 

molecular hydrogen.  

Experiments with similar purposes were performed by Xue et al.21 

through Ni-Fe clusters deposited onto a Pt(111) surface. Ni-hy-

droxide is known to help the water dissociation step, while plati-

num is among the best materials for the production of H2 once hy-

drogen is adsorbed onto its surface, and Ni-Fe hydroxides were 

found to be even more active than Ni hydroxides for the OER. 

Moreover, they investigated the surface morphology via STM, 

finding a Volmer-Weber growth mechanism appropriate for de-

positing 3D clusters. All of their samples performed better than 

pure Pt(111) and the best performing one was found to be that 

with the most interface area between platinum and the NiFe clus-

ters. The authors suggested that the increased activity may come 

from a cooperative effect between the two catalytic moieties. On 

the one hand, the presence of iron in the alloy clusters tunes the 

OHad binding energy in comparison to Ni only clusters, helping to 

dissociate the water. On the contrary, an excessive OHad binding 

energy would poison the clusters, as documented in the case of Co 

doping. On the other hand, platinum would benefit from the im-

proved water dissociation, adsorbing protons to perform HER. 
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As explained in a previous section, the HBE cannot be a sufficient 

catalytic descriptor in alkaline pH: in fact, Pt(111) has an almost 

ideal ΔGH* both at pH 1 and 13, but at higher pH is limited by the 

water dissociation step. Similarly to the previous case, in which Ni 

was known to boost the water dissociation step, the Ru(0001) sur-

face is also known to possess a low water dissociation barrier, 

while at the same time its negative ΔGH* inhibits the desorption of 

the produced hydrogen. UHV studies by Karlberg et al.10 on various 

metal surfaces showed that, out of several inspected metal sur-

faces, Ru(0001) has the strongest interaction with adsorbed H* 

and OH*, while other spectroscopic experiments in UHV con-

firmed that water is much more unstable on it than on Pt, a char-

acteristic common to 4d Pt-group metals (Ru, Rh, Pd) when com-

pared to the 5d ones (Pt, Ir)22. Interestingly, this same article 

points out that all Pt-group metals adsorb dissociatively water bet-

ter with an oxygen coverage below 0.2 ML. By analogy with the 

previously mentioned Pt(111)/Ni(OH)2 system, it can be therefore 

easily deduced that by designing a material in which a high inter-

facial area between Ru, particularly capable of dissociating water 

and retaining OH, and Pt, which on the other hand has great hy-

drogen evolution capabilities, could be extremely promising for 

electrolysis. 
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For these reasons, bifunctional mechanisms between Pt and Ru 

have now been proposed for quite some time. Strmcnik et al.23 

suggested that Pt could be improved for HOR by alloying with Ru 

or other more oxyphilic metals, which would provide sites for 

OHad. This was later attempted by Schwammlein et al.10, who syn-

thesized Ru-core Pt-shell nanoparticles with various degrees of 

coverage. They proposed that the bifunctional mechanism for 

HOR could be made of three steps: 

(1) 0.5𝐻2 + 𝑃𝑡 → 𝑃𝑡 − 𝐻𝑎𝑑𝑠; 

(2) 𝑅𝑢 + 𝑂𝐻− → 𝑅𝑢 − 𝑂𝐻𝑎𝑑𝑠 + 𝑒−; 

(3) 𝑃𝑡 − 𝐻𝑎𝑑𝑠 +  𝑅𝑢 − 𝑂𝐻𝑎𝑑𝑠  → 𝑃𝑡 + 𝑅𝑢 + 𝐻2𝑂; 

however, they also suggested that the bifunctional mechanism 

would be of minor importance than the electronic modulation ef-

fect induced by Ru on Pt which lowers the hydrogen adsorption 

barrier. However, another study11 demonstrated that the lower 

energy Pt-H bond, visible by the Hupd shift, can be ascribed to the 

presence of superficial Ru rather than to an electronic effect, while 

also asserting that the presence of oxyphilic metals capable of 

forming oxyhydroxides (such as Ru) would lower the energy bar-

rier for the Volmer step for both HER and HOR, as in the case of 

the suggested bifunctional mechanism between Ni(OH)2 adislands 
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over Pt(111)20. This hypothesis was also reinforced by a study24 

that, by modifying the platinum surface with various transition 

metals, proposed that the metal-OH bond strength and its oxoph-

ilicity was key to the improved alkaline HER activity and a relevant 

activity descriptor.  

According to a very recent article25, however, a linear dependency 

was found between the Ru coverage over Pt and exchange current 

for HER/HOR, which seems to negate the importance of a bifunc-

tional effect. Instead, the authors suggested that the higher OH 

binding energy on the more oxyphilic Ru and a shifted H binding 

energy due to the platinum substrate could influence the activity. 

From DFT calculations, it was also inferred that the easiest alkaline 

HER path would be a Volmer-Tafel one, while the Heyrovski step 

would not be as favourable. These effects, according to the au-

thors, would globally arise from a positive shift of the density of 

states of the d metal orbitals of surface metal atoms from -2.24 eV 

for clean Pt(111) to -1.10 eV for Ru-covered Pt. 
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1.3 Utility of UHV in investigation of catalyst properties 

UHV studies have often demonstrated to be useful for determin-

ing the catalytic properties of metals and other materials even if, 

at first glance, they may seem too distant from the operative con-

ditions to actually help understand them. An extensive report by 

Hodgson and Haq26 shows how UHV techniques like STM, XPS, 

XAS, vibrational spectroscopies, He scattering and LEED can inves-

tigate the modes of adsorption, dissociative or not, of water on 

metal surfaces. They reported that water does in fact adsorb intact 

on Pt(111), easily desorbing at 160 K with zero order kinetics, 

which confirms the difficulties that platinum has to dissociate wa-

ter molecules. On the other hand, water was found to form intact 

structures on Ru(0001) only below 155 K, above which a more 

complex network of OH/H2O adsorbates exists. Another interest-

ing study by Koper tries to link UHV water dissociation experi-

ments, DFT calculation of H, OH and H2O binding energies and 

blank acid cyclovoltammetries for various metals with hexagonal-

like surfaces27. He suggested that, from the binding energies, one 

may predict a sort of phase diagram of the adsorbed species on 

the metal surface and the potentials at which transitions occur. 

In absence of an EC-STM study, through which it would be possible 

to observe directly the catalyst surface and its activity at the same 
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time28,29, UHV STM allows to investigate the surface morphology 

after treatments and depositions, allowing to link the morphology 

of the adsorbates to the catalytic properties, as many previous 

studies proved30–32. By determining the morphology of adsorb-

ates, which atoms are exposed and undercoordinated and how 

gases adsorb and react over the prepared surfaces, atomically re-

solved images can also lay the ground for subsequent DFT works 

that, by calculating the system energetics, can shed light on reac-

tions mechanisms and the reasons why certain catalyst perform 

better than others33–36. 

 

 

 

 

 

 

 

 

 



23 
 

2 Chapter 2: Materials and Characterization 

Methods 

2.1 UHV System 

Most of the reported experiments take place within a modified 

VG-Escalab MkII UHV system, which can be seen in Figure 2-1. It is 

composed of three main chambers: one, on the right, for LEED 

analysis and the preparation of samples, i.e. cleaning by cycles of 

Ar+ ion bombardment and annealing and also film depositions by 

Figure 2-1: picture of the modified VG-Escalab MkII. The STM chamber lies on the 
left side; in the center there is the analysis chamber, surmounted by the XPS an-
alyser. On the right, the main preparation and LEED chamber (partially hidden) 
and a fast-entry chamber. 
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CVD and PVD; one, in the middle, for XPS, UPS and angle-resolved 

photoemission spectroscopies; and one, on the left, equipped 

with an STM and two gaslines. The prep chamber is also connected 

to a fourth, smaller chamber, equipped with a transfer arm for in-

serting the samples in the vacuum system. A motorized manipula-

tor allows to move and rotate the sample between the prep and 

the analysis chamber, where a wobble stick can clutch the sample 

and transfer it to a manually movable manipulator which connects 

the STM and the analysis chamber. Another wobble stick in the 

STM chamber moves the sample from the manipulator to its STM 

slot. 

 

2.2 XPS 

X-ray photoelectron spectroscopy is a technique specialized in the 

identification of the elements that compose a surface. It takes ad-

vantage of the photoelectronic effect described by Einstein in 

190537, according to which the atoms of a sample irradiated with 

high energy photons can ionize and emit electrons. Assuming that 

the photoelectron is emitted from the surface of the sample, and 

that it does not undergo inelastic scattering, its kinetic energy (KE) 

is given by the difference between the energy of the impinging 



25 
 

photons (hv), the energy which bound the electron to the atom 

(BE) and the work function of the sample in vacuum ΦS:  𝐾𝐸 = ℎ𝑣 − 𝐵𝐸 − 𝛷𝑠 

As the schematic image below portrays, an analyzer for kinetic en-

ergies is tasked with the collection of the photoelectrons. The an-

alyzer possesses itself a work function ΦA, which shifts the de-

tected value of KE from its real value: 𝐾𝐸 = ℎ𝑣 − 𝐵𝐸 − 𝛷𝑠 − (Φ𝐴 − 𝛷𝑠) = hv − BE − 𝛷𝐴 

That considered, the binding energy of the electron photoemitted 

results: BE = hv − KE − 𝛷𝐴 

Figure 2-2, scheme of a typical XPS setup37. 
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This is a fundamental equation for XPS analysis: given that the 

photoelectron energy is measured, the photon energy is known 

and that the work function of the analyzer is empirically found by 

setting the energy scale to zero at the Fermi edge of reference 

samples, it is possible to determine the electron binding energies 

(BE). By comparing the peaks at specific binding energies that 

emerge from a spectrum with those in literature38, it is possible to 

qualitatively identify which elements are present in a sample. The 

oxidation state of the elements can be determined as well: for ex-

ample, an oxidized element has a lower electron density than its 

neutral or reduced counterparts, so the remaining electrons per-

ceive a lower screening of the nuclear positive charges and expe-

rience a higher binding energy. The opposite goes for an element 

in a reduced state, in which electrons have lower binding energies 

due to a more effective screening. Because of this characteristic, 

by deconvoluting a photoemission peak it is possible to assess the 

various chemical states of a given species. 

Depending on the atomic orbital considered, the photoemission 

peak shapes can vary greatly. Electrons from s orbitals give one 

only peak, whereas electrons form p, d and f orbitals all show a 

splitting due to spin-orbit coupling. The orbital and spin momen-

tum coupling is described by the quantum number 𝑗 = |𝑙 ± 𝑠|, 
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where 𝑙 defines the orbital and 𝑠 the spin. The splitting typically 

grows with the atomic number and the degeneracy is equal to 2𝑗 + 1. Because of this, given for example a p orbital (𝑙 = 1), the 

two observed peaks are named p1/2 and p3/2 and have a constant 

area ratio 1:2, whereas for a d orbital (𝑙 = 2) the peaks are named 

d3/2 and d5/2 and have a constant area ratio 2:3. The line shape of 

a photoemission peak is typically a Lorentzian function, with a nat-

ural line width ΔE0 which depends on the lifetime of the core hole 

state left by the photoemission process39. However, due to tem-

perature-dependent atomic vibrations and instrumental broaden-

ing of the peaks, the photoemission peak is better described by a 

Voigt function, i.e. a convolution of a Gaussian and a Lorentzian 

curve. In case of electrically conducting materials, the tail at higher 

binding energy of a peak is longer due to many-body interactions 

of the photoelectrons with the free ones at the Fermi edge: be-

cause of this, a Voigt curve can’t describe accurately their peak 

shapes, and a Doniach-Sunjic line shape is required to account for 

the asymmetry39. 

Besides the electrons emitted because of the photoelectronic ef-

fect by core level and valence bands, Auger peaks can also be 

found in an XPS spectrum. In fact, after an atom has been ionized, 

its relaxation process can occur by either X-ray fluorescence or by 
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Auger electron emission, as shown in Figure 2-3. The former is typ-

ical of heavier elements, with atomic number above 35, whereas 

lighter elements tend to relax via the Auger mechanism. In this 

case, electrons are emitted with a constant energy that is inde-

pendent from the X-ray energy: given for example the relaxation 

of a L1 electron to the K hole with emission of a L2 Auger electron, 

its kinetic energy is in fact 𝐸𝐾 = (𝐵𝐸𝐿1 − 𝐵𝐸𝐾) − 𝐵𝐸𝐿2. Because 

of this property, Auger lines are found at different binding ener-

gies with different X-ray sources, but at the same kinetic energy 

values. 

Another typical characteristic of the XPS spectrum is the inelastic 

background: as the scanned binding energy grows, so does the 

background noise. Each peak in fact is not symmetric, for above 

the average binding energy of the peak the background is signifi-

cantly higher than below that point. That is because of various loss 

Figure 2-3: schematic resume of the relaxation mechanisms for ionized atoms. 
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processes determined by the inelastic scattering of electrons. The 

universal curve of electron inelastic mean free path λ (IMFP), 

shown in Figure 2-4, represents the average distance electrons can 

travel within a material between inelastic collisions: at each colli-

sion, the electrons lose energy and change their trajectory. It is 

given by the formula 𝜆(Å) = 𝐸/{𝐸𝑝2[𝛽 ln(𝛾𝐸) − (𝐶/𝐸) + (𝐷/𝐸2]}, where E is the photoelectron kinetic energy, 𝐸𝑝(𝑒𝑉) =28.821(𝑁𝜈𝜌/𝑀)1/2 is the free electron plasmon energy, given the 

bulk density 𝜌, the number of valence electrons per atom 𝑁𝜈  and 

the atomic molecular mass 𝑀, and 𝛽, 𝛾, 𝐶 and 𝐷 are quantities 

related to 𝐸𝑝, 𝜌 and the bandgap. Given a photoelectron emitted 

at depth d, which travels through the material for a d/cosθ length, 

Figure 2-4: “universal” electron mean free path curve39. 
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one can calculate the intensity attenuation via the Lambert-Beer 

equation: 𝐼 = 𝐼0𝑒𝑥𝑝 ( −𝑑𝜆𝑐𝑜𝑠𝜃), given 𝐼0, intensity of emitted photo-

electrons, and 𝐼, the intensity from electrons reaching the surface 

without energy loss. This equation shows that, for a normal take-

off angle, 63% of the electrons emerging unscattered come from 

within a 𝜆 depth, and 86% and 95% of the signal come from re-

spectively a 2𝜆 and 3𝜆 depth40. Given that the sampling depth is 

inversely proportional to 𝑐𝑜𝑠𝜃, it is possible to enhance even more 

the surface sensitivity of XPS by changing the collection angle of 

the photoelectrons: this is the basis of Angle-Resolved XPS 

(ARXPS), which can be used for non-destructive depth profiling. 

The flux of photoelectrons, normalized per unit time and unit en-

ergy, emitted from a k level with Ek kinetic energy localized in the 

infinitesimal volume element dxdydz and moving within the ana-

lyser acceptance solid angle Ω(𝐸𝑘 , 𝜃, 𝑥, 𝑦) is given by: 

𝑑𝑁𝑘 = 𝐼0𝑒𝑥𝑝 (− 𝑑𝜆𝑒𝑐𝑜𝑠𝜃) 𝑒𝑥𝑝 (− 𝑑𝜆𝑥𝑐𝑜𝑠𝜙) ⋅
⋅ (𝜌(𝑑)𝑑𝑥𝑑𝑦𝑑𝑧)𝐷0(𝐸𝑘) (𝑑𝜎𝑘𝑑Ω Ω(𝐸𝑘 , 𝜃, 𝑥, 𝑦)) 

With 𝑒𝑥𝑝 (− 𝑑𝜆𝑥𝑐𝑜𝑠𝜙) describing the penetration and inelastic at-

tenuation of the x-ray in the sample across the dxdydz volume, 
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𝜌(𝑑)𝑑𝑥𝑑𝑦𝑑𝑧 the local material density at depth d, and lastly with 

the differential cross section of photoelectrons being: 𝑑𝜎𝑘𝑑Ω = 𝜎𝑛𝑙(𝐸𝑘)4𝜋 [1 − 12𝛽𝑛𝑙(𝐸𝑘) (32 𝑐𝑜𝑠2𝜃 − 12)] 
With 𝛽𝑛𝑙(𝐸𝑘) being an asymmetry parameter and 𝜎𝑛𝑙(𝐸𝑘) the to-

tal photoemission cross section. As the 𝑑𝑁𝑘  equation states, the 

signal is highly dependent on the emission angle 𝜃. For a given 

species A, one can consider the relative signal intensity as the con-

tribution of a stack of atomic monolayers, which is given by the 

general layer by layer equation. For all the monolayers with thick-

ness dML below the surface, 

𝐼𝐴(𝜃)𝐼𝐴0(𝜃) = ∑𝑋𝐴𝑖 {𝑒𝑥𝑝 [− (𝑖 − 1)𝑑𝑀𝐿𝜆𝐴𝑐𝑜𝑠𝜃 ] − [− 𝑖𝑑𝑀𝐿𝜆𝐴𝑐𝑜𝑠𝜃]}𝑁
𝑖=1  

Where 𝑋𝐴𝑖  is the mole fraction of the A species in the ith layer from 

the surface. In the simple case of a single layer A on a substrate 

with composition B (i=1, N=1), by normalizing to an angle θ0 an 

equation independent of the mole fractions and of sensitivity fac-

tors is obtained: 

𝐼𝐴(𝜃)𝐼𝐵(𝜃0)𝐼𝐵(𝜃)𝐼𝐴(𝜃0) = 𝑒𝑥𝑝 ( 𝑑𝐴𝜆𝐴,𝐸(𝐴)𝑐𝑜𝑠𝜃) − 1𝑒𝑥𝑝 ( 𝑑𝐴𝜆𝐴,𝐸(𝐴)𝑐𝑜𝑠𝜃0) − 1 
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This can be used to show how the chemical state shifts between 

the surface and the bulk and also the assess the stoichiometry of 

the outermost layers. 

In our system, a Mg-kα X-ray source is employed. The sample ro-

tation can be controlled on the polar plane and rotated between 

the normal orientation and a grazing emission one, at 45°. Survey 

scans, between 0 and 600-800 eV binding energies, are employed 

to identify the various elements on the sample, and other high res-

olution scans are used to obtain more specific information on the 

oxidation states and area ratios. 

 

2.3 STM 

Scanning tunneling microscopy takes advantage of the electron 

tunneling effect to probe the local density of states of a sample. 

However, its most important use is probably the direct real-space 

determination of surface structures in three dimensions. Given a 

high enough resolution, it allows to observe the surface lattice dis-

tances, to measure the height of steps and terraces and even to 

inspect the density of states below the probe. 
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The technique, at its most fundamental, uses a sharp metal tip 

(usually made of tungsten, but sometimes of a platinum-iridium 

alloy), ideally with a single apex atom extremity, put at just a few 

Ångstrom above the sample surface, as shown in Figure 2-5. It is 

moved with atomic scale precision by piezo-electric crystals, in or-

der to scan a square or rectangular area. At this distance, given the 

application of a bias voltage between the tip and the surface, elec-

trons can overcome the vacuum potential barrier and tunnel from 

one end to the other, depending on the sign of the bias. Two main 

modes of operations exist: one at constant height, in which the tip 

is kept at the same vertical position as it is scanned over the sur-

face, so that the measured current depends on the topography of 

Figure 2-5: minimalistic scheme of how a scanning tunneling microscope40 

works. 
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the sample, given that it is homogeneous; or a constant current 

mode, which requires the tip-sample distance to be constant. Such 

a mode is possible thanks to a feedback system which, given the 

difference between the set current and the detected current in-

duced by a change of the topography, quickly adjusts the vertical 

position. This is the scanning mode that will be used in this work, 

for it allows to distinguish steps, kinks, defects and even to achieve 

atomic resolution images if the sample and (mostly) tip are of good 

enough quality. However, this is not often the case. 

2.3.1 Tunneling theory 

While in classical mechanics a particle in the region x<0 cannot 

overcome a potential barrier V0 spanning in the 0<x<d region if it 

does not possess enough total energy E to surpass it, but is rather 

reflected or absorbed (in the case of a physical barrier), according 

to the quantum theory the particle has a small chance to tunnel 

through the barrier, in the region x>d. In this situation, the space 

of our interest is divided in three regions depending on potential, 

as shown in Figure 2-6: 

𝑉0(𝑥) = { 0, 𝑖𝑓 𝑥 < 0 (𝐼)𝑉0, 𝑖𝑓 0 < 𝑥 < 𝑑 (𝐼𝐼)0, 𝑖𝑓 𝑥 > 𝑑 (𝐼𝐼𝐼)  
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Tunneling is only possible when both V0 and d are finite: in this 

case, a part of the particle wave function can penetrate inside the 

barrier, where it is attenuated, and emerge on the other side. 

The particle can be described via the time independent Schrö-

dinger equation: −ℏ22𝑚 𝑑2𝜓(𝑥)𝑑2𝑥 + 𝑉(𝑥)𝜓(𝑥) = 𝐸𝜓(𝑥), 𝑤ℎ𝑒𝑟𝑒 − ∞ < 𝑥 < ∞ 

Given the three different areas and E<V0, the wave function of the 

particle can be described as different sum of exponential functions 

in the three regions by applying the Wentzel-Kramers Brillouin 

Figure 2-6: schematic representation of the three interesting regions and of the 

particle’s energy E in comparison to the potential barrier V0
40. 
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approximation, which approximates the electron to a semi-classi-

cal particle with a constant wavenumber: (𝐼) 𝜓(𝑥) = 𝐴𝑒𝑖𝑘1𝑥 + 𝐵𝑒−𝑖𝑘1𝑥 = 𝜓𝑖𝑛𝑐(𝑥) + 𝜓𝑟𝑒𝑓(𝑥) (𝐼𝐼) 𝜓(𝑥) = 𝐶𝑒𝑘2𝑥 + 𝐷𝑒−𝑘2𝑥 (𝐼𝐼𝐼) 𝜓(𝑥) = 𝐹𝑒𝑖𝑘1𝑥 + 𝐺𝑒−𝑖𝑘1𝑥 = 𝜓𝑡𝑟𝑎(𝑥) + 0 

With 𝑘1 = √2𝑚𝑒𝐸ℏ  and 𝑘2 = √2𝑚𝑒(𝑉0−𝐸)ℏ  as wavenumbers. In re-

gion I, the two waves are respectively incident, moving to the 

right, and reflected, moving to the left. Since in region III there can 

only be a transmitted and not a reflected wave, G is set to zero. 

The probability of transmission, i.e. of tunneling, is defined as the 

ratio between the transmitted and the incident wave amplitude: 

𝑇(𝑑, 𝐸) = |𝜓𝑡𝑟𝑎(𝑥)|2|𝜓𝑖𝑛𝑐(𝑥)|2 = |𝐹|2|𝐴|2 

The equations for adjacent regions are then set as equal at x=0 and 

x=d, and the same goes for their first order derivatives with re-

spect to x, so to ensure the continuity of solutions at region bound-

aries. The probability of transmission is therefore: 

𝑇(𝑑, 𝐸) = 1𝑐𝑜𝑠ℎ2(𝛽𝑑) + (𝛾/2)2𝑠𝑖𝑛ℎ2(𝛽𝑑) 
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With 𝛽 = √2𝑚ℏ2 (𝑉0 − 𝐸) being the attenuation factor of the wave 

and (𝛾/2)2 = 14 (1−𝐸/𝑉0𝐸/𝑉0 + 𝐸/𝑉01−𝐸/𝑉0 − 2). 

In the particular case of quantum tunneling of electrons between 

a metal surface and an STM tip, according to Bardeen’s formalism 

the current is given by 

𝐼 = 2𝜋𝑒ℏ ∑𝑓(𝐸𝜇)[1 − 𝑓(𝐸𝜈 + 𝑒𝑉)]|𝑀𝜇𝜈|2𝛿(𝐸𝜇 − 𝐸𝜈)𝜇,𝜈  

Where 𝑓(𝐸) is the Fermi function, |𝑀𝜇𝜈|2 is the tunneling matrix 

element between states of 𝜓𝜇 of the probe and 𝜓𝜈 of the surface 

and 𝐸𝜇 is the energy of the state 𝜓𝜇 in absence of tunneling.  

Tersoff and Hamann41 developed a comprehensive theory to de-

rive the tunneling current for a probe tip, spherical at the apex and 

of volume Ω𝑡 as shown in Figure 2-7, by expanding the surface 

wave function over a G series, which is the surface reciprocal-lat-

tice vector. In this way, the matrix element is: 

𝑀𝜇𝜈 = ℏ2𝑚 2𝜋Ω𝑡−1/2𝑒𝜅𝑅𝑅𝜓𝜈(𝑟0⃗⃗  ⃗) 

Where 𝜅 = ℏ−1(2𝑚𝜙)1/2, 𝑟0⃗⃗  ⃗ is the center of curvature of the tip 

and R is the radius of the spherical apex of the tip. By substituting, 

one can find: 
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𝐼 = 32𝜋3𝑒2𝑉𝜙2𝜌𝜈(𝐸𝐹)𝑅2ℏ𝜅4 𝑒2𝜅𝑅 ∙ ∑|𝜈 𝜓𝜈(𝑟0⃗⃗  ⃗)|2𝛿(𝐸𝜇 − 𝐸𝜈) 

With 𝜌𝜈 being the density of states per unit volume of the tip. 

An analogous derivation can portray a more digestible current 

equation: 

𝐼 ∝ |𝜓𝜈(0)|2|𝜓𝜇(𝑑)|2𝑒−2√2𝑚𝜙ℏ 𝑑 

Which consists of two main parts, one relative to the probability 

of having electron and empty states available in the probe and the 

sample, and one depending on the work function 𝜙 and distance. 

In the Wentzel-Kramers Brillouin approximation, in fact, by inte-

grating the density of states in a 𝑑𝜀 energy interval, one can find 

that: 

Figure 2-7: schematic view of tunneling geometry. The shape of the tip is con-
sidered spherical at the apex, with radius of curvature R, distance d, center of 

curvature 𝑟0⃗⃗   40. 
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𝑇 = 𝑒𝑥𝑝(−2𝑑√2𝑚ℏ √𝜙𝜇 + 𝜙𝜈2 + 𝑒𝑉2 + 𝜀) 

𝐼 ∝ ∫ 𝜌𝜈(𝐸𝐹 − 𝑒𝑉 + 𝜀)𝑒𝑉
0 𝜌𝜇(𝐸𝐹 + 𝜀)𝑇(𝜀, 𝑒𝑉)𝑑𝜀 

This shows a strong dependence of the current on the distance but 

also that, in the constant current mode, the applied bias is a pa-

rameter through which one can choose which states are probed. 

This allows to inspect not only the topography of an area, as the 

tip distance from the surface changes to keep the current con-

stant, but also the electronic contrast. With a positive bias, the 

empty states of the sample receive electrons and are inspected, 

whereas with a negative bias the electrons move from the filled 

Figure 2-8: scheme representing how changing the bias value and sign dictates 
which states are being probed. 
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states of the sample to the tip. In this way it is possible to detect 

the energy of the surface electrons and where the electron density 

is higher. 

2.3.2 Equipment and methods 

A SPM 150 Aarhus microscope by Specs Technologies is used to 

perform the measurements at room temperature. Tungsten tips 

inspect the surface and are sputtered the day before or right be-

fore STM measurements by a 3.0 keV Ar+ plasma for 20 minutes. 

After the tip has been approached with safe tunneling and feed-

back parameters, the bias is changed between -1 and +1 V and the 

tunneling current is increased when a flat area is found, in order 

to attempt to achieve atomic resolution images.  

Two leak valves can introduce in the chamber a flow of oxygen, 

hydrogen of carbon monoxide, depending on what has been 

loaded for the experiment. 
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2.4 LEED 

Low-Energy Electron Diffraction is a technique which was effec-

tively born and grown in the early 1970s, but conceived already in 

the 1927 with Davisson and Germer’s experiments. As suggested 

by the name, it employs a beam of low energy electrons, between 

20 and 500 eV, i.e. with wavelengths between 0.5 and 2.0 Å ac-

cording to the De Broglie equation: 

𝜆 = ℎ√2𝑚𝑒𝐸     𝜆𝑒[𝑛𝑚] ≈ √ 1.5𝐸𝑒  (𝑒𝑉) 

Electrons guns generate electrons usually via thermoionic effect, 

by letting a current flow within a filament. A potential difference 

is then applied to accelerate the electrons towards the sample, 

Figure 2-9: a scheme of how a LEED device is made on the left, while a LEED 
pattern can be seen on the right. 
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where they can interfere with more or less the outermost 10 Å of 

the sample, given their low mean escape depths. 

If the beam interacts with a crystalline lattice with atomic dis-

tances comparable with the electron wavelength, it can scatter co-

herently: the electrons will then impact on a phosphorescent 

screen, showing diffraction spots corresponding to the reciprocal 

lattice points. An advantage of LEED over X-ray diffraction, which 

studies the crystal structure of powders, polycrystals and single 

crystals, whereas LEED can only study the surface of single crystals, 

lies in the ease of modification of the electron energy and there-

fore their wavelength, a degree of freedom mostly absent from X-

ray sources out of synchrotrons. By recording and measuring the 

distance from the center of the diffraction spots, it is possible to 

deduce the real lattice geometry and cell parameters. The simplest 

way revolves around Bragg’s law, which states that, given a one-

dimensional beam of electrons with wavelength λ impinging on a 

chain of atoms with interlayer spacing d, positive interference oc-

curs when this relation is satisfied: 𝑛𝜆 = 𝑑 sin (𝜃) 

Given that n represents the diffraction order, the first order of dif-

fraction requires that, given a normal incident angle, which is usu-

ally obtained placing the sample right under the electron gun, the 
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electron wavelength is equal to the surface lattice parameter. 

Other maxima of diffraction beam intensity can be found at other 

angles, at subsequent n values as shown below, and are observed 

as bright spots on a fluorescent screen. In this configuration the 

zero order of diffraction cannot be observed, as it coincides with 

the electron gun position42. 

 

2.5 Electrochemistry 

2.5.1 Electrode kinetics theory 

The electrode kinetics are studied by means of cyclovoltammetries 

to obtain two catalytic figures of merit: the exchange current den-

sity j0 and the potential needed to reach the arbitrary current den-

sity value of 5 mA/cm2, which will be called V5. Other parameters 

can be found as well: the onset potential, defined as the first po-

tential at which the reaction can occur, represents the bypassing 

of the thermodynamic barrier and the entrance in the potential 

region in which the electron transfer is the rate determining step, 

but there is no single method of calculating it. The Tafel slope, alt-

hough frequently used, can be an interesting but misleading pa-

rameter about the RDS of the reaction. On the other hand, the ex-

change current density is a strong indicator of the electrode kinet-

ics which can be calculated from the micropolarization region, and 
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the evaluation of a potential value at an arbitrary current density 

far from the diffusion limited region allows to compare different 

samples more reliably. 

As described by the Butler-Volmer theory, the exchange current 

is: 

𝑗0 = 𝑛𝐹𝐶0∗𝐾𝑜𝑒𝑥𝑝(−𝛼𝑛𝐹(𝐸𝑒𝑞 − 𝐸𝑜)𝑅𝑇 ) 

It is the current passing through an electrode in both directions 

when 𝐸 = 𝐸𝑒𝑞 or, in other words, when the overpotential and the 

current density are null. 𝐾𝑜 is defined as the standard kinetic con-

stant of electron transfer and, just like the exchange current, is 

does not depend on applied potential and can be used to compare 

different electrodic processes at equal temperatures, being solely 

dependent on the intrinsic activation barrier: 𝐾𝑜 =𝑍𝑒𝑥𝑝 (− (Δ𝐺≠)0𝑅𝑇 ), with Z being a pre-exponential factor which de-

pends on the mass of the reagents and of the products. 

As mentioned in the introduction section, the Butler-Volmer equa-

tion is the following: 

𝑗 = 𝑗0  [𝑒𝑥𝑝 ((1 − 𝛼)𝑛𝐹𝜂𝑅𝑇 ) + 𝑒𝑥𝑝 (−𝛼𝑛𝐹𝜂𝑅𝑇 )] 
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At low overpotential, i.e. close to equilibrium region in which 𝜂 ≪𝑅𝑇/𝛼𝑛𝐹, the equation’s exponentials can be expanded in series: 

𝑗 = 𝑗0  [1 + (1 − 𝛼)𝑛𝐹𝜂𝑅𝑇 − 1 + 𝛼𝑛𝐹𝜂𝑅𝑇 ] = 𝑗0  [𝑛𝐹𝜂𝑅𝑇 ] 
The first order derivative of the overpotential with respect to the 

current density represents the resistance associated with the elec-

tron transfer, and its calculation allows to determine the exchange 

current density: 

𝑗0 = 𝑅𝑇𝑛𝐹 (𝜕𝜂𝜕𝑗)−1
 

2.5.2 Equipment and methods 

Electrochemical measurements require the assembly of an elec-

trochemical cell (Figure 2-10a). It is made of three electrodes: the 

working electrode (WE), onto which the catalyst to study is con-

nected; a counter-electrode (CE), through which the opposite cur-

rent of the WE passes, so to close the amperometric circuit, which 

is usually made of an inert conductive material (graphite, in this 

thesis case); and lastly the reference electrode (RE), an unpolariz-

able electrode that is used as a reference for the potential applied 

to the WE and to close the potentiometric circuit. A Hg/HgO elec-

trode (MOE, Mercury Oxide Electrode), suitable for alkaline condi-

tions, was employed. A cell is usually also equipped with an inert 
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gas inlet, nitrogen for these studies, to degas the solution and 

eliminate bubbles between the measurements, and with an outlet 

for the gas which saturates the cell or produced during the exper-

iments. The typical setup is shown in Figure 2-10b. 

A KOH 0.1 M solution was used to study the alkaline HER reaction 

activity, degassed with nitrogen for at least 20 minutes before the 

measurements. Given the Pourbaix diagram of ruthenium43, CVs 

were recorded between 0 and 0.3 V vs RHE at 20 mV/s. After the 

first ones, 300 cycles in the same range at 500 mV/s were per-

formed to clean the sample of impurities. Linear sweeps to study 

the HER activity were performed at 10 mV/s between 0.3 and -

0.45 V vs RHE. After this, hundreds of aging cycles in the HER range 

are performed to observe how the activity of the catalyst changes.  

Figure 2-10: (a) scheme of a three electrodes electrochemical cell and (b) 
typical experimental setup. 
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3 Chapter 3: Results and discussion 

3.1 STM investigation of clean Pt(111) and RuOx/Pt 

3.1.1 Clean Pt(111) 

The sample was cleaned by cycles of Ar+ ion sputtering and anneal-

ing it in 10-6 Torr oxygen pressure to 750°C until no impurities 

could be detected via XPS and LEED analysis. Typical data are 

Figure 3-1: on the top left, the Pt(111) LEED pattern (70 eV) obtained after sput-
tering and annealing cycles. On the bottom, a typical survey of the clean plati-
num single crystal and, on the top right, the fitted Pt4f peaks. 
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reported in Figure 3-1, and consist of very sharp LEED pattern and 

narrow photoemission peaks. The Pt4f peaks were fitted using the 

XPSPeak software, which does not feature a Doniach-Sunjic line 

shape39, but rather asymmetry factors that modify a Voigt curve 

shape.  

When investigated via STM (Figure 3-2), the clean platinum sur-

face appears with sharp terraces of variable sizes depending on 

the preparation: longer annealing time and higher temperature 

annealing, typically produce larger terraces.  

The height of the step was measured to be around 2 Å, in accord-

ance to the reference values of ∼2.3 Å44. The small difference can 

be attributed to the tip shape, as well as to topological and elec-

tronic effects. Atomic resolution images showed a threefold sym-

metry and long-range order, as the Fast Fourier transform (FFT) 

and the LEED patterns also do. The surface rhombic unit cell was 

characterized by a periodicity of 2.83 Å, in good agreement with 

the literature value of 2.76 Å45. 
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(a) (b) 

(c) 

(d) 

Figure 3-2: STM images of clean Pt(111) at 298 K. (b) is a zoomed version of (a), 
outlining the unit cell and showing the atomic lattice (IT = 6.0 nA, V = 50 mV). (c) 
shows a 100x100 nm2 image of the crystal (IT = 2.0 nA, V = 500 mV), and (d) the 
profile taken along the scanning line. 
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3.1.2 Deposition 

The RuOx/Pt thin films were obtained by thermally activated 

chemical vapor deposition of a Ru3(CO)12 precursor onto the sur-

face of the platinum crystal in UHV. For all experiments the base 

pressure was below 5*10-9 Torr. In similar experiments in the lit-

erature46,47 ruthenium was deposited while keeping the sample at 

220°C, then a flux of molecular oxygen was introduced at 300°C to 

remove the carbon; then the metal ruthenium was reduced with 

an hydrogen flow at 100 K, and  lastly the sample was flashed to 

300°C to remove the hydrogen. Flashing and cooling were not pos-

sible in the available UHV system, so different routes were tested. 

Previous studies on the precursor show that it decomposes par-

tially in the following way48: 

Ru3(CO)12(s) = (1-b)Ru3(CO)12(g) + 3bRu(s) + 12bCO(g) 

The measured average molecular weight of the metallorganic pre-

cursor was 107.58 g/mol, a value much lower than the theoretical 

value of 639.33 g/mol. In fact, the precursor is unstable, and par-

tially decomposes to CO and solid ruthenium, which is not volatile, 

near room temperature. 

Pt/Ru nanoparticles studies on HOPG supports show49 that ruthe-

nium has an higher surface energy than platinum and, if heated 
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above 400°C, the two elements can form an alloy in which plati-

num is more likely to stay on the very surface. To avoid contami-

nation in the single crystal, the Ru depositions were performed in 

an oxygen pressure in order to activate the CO oxidation to CO2 

and to anchor the ruthenium to the surface by partially oxidizing 

it. Two different deposition procedures were performed, named 

with letters a and b. The parameters can be found in the table be-

low. The clean platinum sample is first brought to the reported 

temperature, then it is exposed to molecular oxygen (see Table 1) 

for five minutes before the precursor valve is opened. After the 

deposition, the oxygen pressure is maintained for additional five 

minutes, during which the sample is also cooled down. Given its 

low vapor pressure, solid Ru3(CO)12 sublimates under UHV condi-

tion and forms a molecular beam in the chamber in a molecular 

flux regime, requiring that the platinum sample to be well aligned 

with the precursor pocket. Initial tests without oxygen background 

pressure showed that, upon opening the precursor valve, the pres-

sure in the preparation chamber typically rose to values in the low 

10-8 Torr. In the following chapter the STM, XPS and LEED data of 

various samples will be discussed: the number in the sample name 

will refer to the number of minutes of deposition, while the letter 

a or b will refer to the deposition conditions listed below. 
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Deposi-

tion type 

Precursor 

temperature (K) 

Sample 

temperature (K) 

Oxygen pres-

sure (Torr) 

a 290±10 520±20 4x10-7 

b 290±10 570±20 5x10-6 

Table 1: the experimental parameters for the deposition in the two modes are 
reported. 

 

3.1.3 RuOx/Pt(111) surface and structure 

3.1.3.1 Lattice parameters 

For every sample, regardless of the oxygen pressure during depo-

sition, deposition time and the size of the adsorbate islands, the 

Figure 3-3: (a) room temperature atomic resolution image of the ruthenium adlayers 
from sample 10b. (IT = 6.0 nA, V = 60 mV) and (b) a similar, wider image in which pit-
like defects can be seen on the ruthenium adislands. The central hole is 1.3 Å deep, con-
sistent with the distance from the underlying platinum substrate which will be discussed 
in a few paragraphs. 

(a) (b) 
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investigated LEED patterns were analogous to the p(1x1) pattern 

of the clean Pt(111) surface. 

In support of this, atomic resolution images of samples 10b and 

20b show that RuOx has a hexagonal-like symmetry. The lattice 

parameter, i.e. the length of the side of the hexagon, has been 

measured to be equal to 2.93 Å. This value is nearly identical to 

that of Pt(111), which is reported to be 2.76 Å45 and, according to 

our STM measurements, was found to be 2.83 Å. Atomically re-

solved images have been obtained by finding a wide and flat area 

of ruthenium covering the substrate and by increasing the tunnel-

ing current. Despite the same lattice parameter as platinum, in 

samples 10b and 20b the ruthenium covered areas were easy to 

spot thanks to the presence of pit-like defects showing the under-

lying platinum metal, as Figure 3-3 shows. 

3.1.3.2 Coverage 

5, 10, 20 and 50 minutes of deposition time were investigated via 

STM. The coverages were calculated both via measuring the 

scanned area covered by ruthenium across various images at the 

same deposition time, and via XPS. Clean platinum has well de-

fined edges, a very smooth surface, only corrugated by occasional 

carbon contaminations, while no cluster or contamination was 

ever observed on the RuOx islands. By comparing these images to 
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the topographies of clean platinum, the adislands can be univo-

cally assigned to RuOx. The random and occasional presence of 

pits on these clusters, which can be seen on samples 10b and 20b 

but not on clean platinum, and the characteristic shapes of the ad-

sorbates are two more useful indicators to distinguish the two 

metals. In general, the adislands nucleate and grow on the lower 

side of platinum steps. These considerations are the main basis 

onto which the surface coverage is calculated; however, for the 

latter reason, the coverage calculation from images with many 

steps produces different results with respect to images with wider 

terraces. The small clusters onto the terraces are also excluded 

from the calculation: if they are stable ruthenium nuclei, the cov-

erage is going to be underestimated. However, because of the 

Figure 3-4: 150x150 nm2 STM image (IT = 1.0 nA, V = 500 mV) of sample 5b-
Nazca, which will be characterized in detail in section 3.1.3.3. In figure (a) the 
ruthenium adsorbates are coloured in red, and their area is summed and di-
vided by the total area to calculate the coverage. Figure (b) is the original 
one. 

(a) (b) 
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high temperature during the CVD process, it is unlikely that they 

are ruthenium clusters, since the temperature should favor their 

diffusion. The coverage so calculated via STM images is reported 

in Table 2, and an example of the method is shown in Figure 3-4. 

Deposition time (min) 5 10 20 50 

Average percentage of 

covered surface 
22% 51% 97% / 

Table 2: the calculated fractional coverage of the platinum surface is reported. 

The somewhat linear growth of the coverage measured by STM 

until 20 minutes of deposition time is in good agreement with XPS 

analysis (see Figure 3-5). Consecutive b-type depositions at 5, 10, 

Figure 3-5: on the left, the normalized and vertically shifted fitted peaks for the 
various deposition times. The Ru3d5/2 binding energy fluctuates between in the 
280.35±0.07 eV range, and the peaks are less asymmetric as the deposition time 
increases. A C1s CO peak was necessary to fit the 5 minutes data. On the right, 
linear and parabolic fit of the Ru3d/Pt4f photoemission peaks area versus depo-
sition time. Out of all the possible fitted straight lines with at least three points, 
the one which stops at the 20-minute mark has the reduced Chi square closest to 
one, being 0.19 while all the others don’t get past 0.15. This remains true by forc-
ing the intercept at the zero point. 
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20, 30, 40 and 51 minutes were performed and the Ru3d/Pt4f pho-

toemission peak area ratio was calculated: a reduced Chi square 

analysis shows that the area ratio follows a line until 20 minutes 

of deposition, then a parabolic trend better suits the data. 

 

3.1.3.3 Adsorbates morphology and characteristics 

The five minute deposition time was investigated multiple times 

via STM for both deposition types a and b. At this deposition time, 

RuOx islands appear as ordered clusters with an apparent corru-

gation of 2 Å, which as mentioned before grow from the lower side 

of Pt(111) steps onto which they nucleate. The edges of the ad-

sorbates do not grow in random directions, but rather seem to fol-

low the main directions of the underlying platinum surface. This is 

Figure 3-6: STM images of sample 5a-trapezoids, with an average of 22% of 
surface covered by RuOx, showing wider terraces (a) (IT = 1.0 nA, V = 500 mV) 
and more stepped areas (b) (IT = 3.0 nA, V = 400 mV). 

(a) (b) 
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particularly apparent on samples 10b and 5b-Nazca, which will be 

described in the upcoming section.  

At a lower deposition temperature and oxygen pressure, sample 

5a (Figure 3-6) exhibits trapezoid-shaped islands growing from the 

lower side of the platinum steps and small islands, which vary in 

height between 2 and 3 Å, are observed on the Pt surface.  

In the type b deposition, however, three different morphologies 

were observed with the same synthesis conditions. In the case of 

sample 5b-triangles, shown in Figure 3-7, the deposited 

nanostructures took the shape of small, dispersed triangular struc-

tures, some of which internally hollow, with a corrugation of about 

1.5 Å and with sides long 3 to 4 Å on average. Due to the poor 

Figure 3-7: STM images of sample 5b-triangles showing triangular shaped ad-
sorbates. In both images (a) (IT = 2.0 nA, V = 500 mV) and (b) (IT = 1.0 nA, V = 
500 mV), the adsorbates can be seen nucleating and growing from the side of a 
step and growing along preferred directions in a sort of dendritic fashion. The 
calculated coverage is around 18%. 

(a) (b) 
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quality of the tip, it was impossible to investigate further these 

structures. 

In another STM investigation of sample 5b, peculiar adsorbate 

structures similar to the Nazca lines were found, characterized by 

irregular shapes and a few nanometers long (Figure 3-8). These 

structures are probably of kinetic origin and caused by tempera-

ture-limited diffusion. The selected directions of growth suggest 

that their shape is influenced by the crystalline structure of the 

substrate, as in the case of a dendritic growth. Small fluctuations 

in the deposition temperature can induce significant rearrange-

ments of the adsorbates, as similar features have been observed 

with water adsorbed over Ru(0001) below 150 K50. These Nazca-

like structures have an apparent corrugation of 2.5 Å and are 

Figure 3-8: STM images of sample 5b-Nazca. Figure (a) (IT =1.0 nA, V = -500 mV) 
shows a wider 100x100 nm2 area, while (b) (IT = 3.0 nA, V = -500 mV) shows the 
zoomed in details of the central features of figure (a), in which atomic features 
can be distinguished.  

(a) 

(b) 
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around 2 nm wide. In the only available image which almost shows 

atomic resolution (Figure 3-8b), the interatomic distance – meas-

ured on the edge of the Nazca line, where it is visible – is measured 

to be 5 Å. The LEED pattern was identical to that of clean Pt(111): 

in the hypothesis of 5 Å to be the distance between two atoms in 

meta position on a regular hexagon, the nearest neighbor distance 

is calculated to be 2.8 Å, which further indicates an epitaxial dep-

osition. This hypothesis is reinforced by the directions along which 

the lines grow, which strongly resemble the densely packed direc-

tions of Pt(111). 

A third 5-minute type b deposition (Figure 3-9) was performed, a 

mixed surface comprising both the trapezoid islands and the Nazca 

lines. For these reasons, it will be called 5b-MG (Mixed Growth). 

Due to a higher temperature (1100 K) annealing of platinum, the 

substrate terraces were wider and the step edges – on which Ru-

thenium tends to grow – fewer. A lower density of nucleation sites 

and the deposition temperature uncertainty may be the cause for 

the mixed growth behavior. Atomically resolved images similar to 

those of Figure 3-3 and with the same lattice parameter were ob-

tained on the large and smooth ruthenium islands. The Nazca lines 

showed an apparent corrugation of around 2 Å and 2-3 nm wide, 

as in the previous case. 
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The XPS analysis (Figure 3-10) of these sample Ru3d photoemis-

sion peaks shows the typical features of metallic ruthenium, such 

as the highly asymmetric Ru3d5/2 peak and the absence of RuO2 

satellite peaks, although the binding energy of the main peak, 

280.5 eV, falls quite far from both the reported 279.75 eV binding 

energy of metallic ruthenium and that of RuO2, 281.37 eV51. In an-

other deposition experiment without oxygen background pres-

sure, we measured a metallic Ru3d5/2 photoemission binding en-

ergy equal to 279.7 eV. A comparison between the normalized 

high resolution photoemission scans in the Ru3d range of the four  

5 minutes depositions with oxygen shows that the 5b-Nazca sam-

ple had a positive shift of 0.2 eV of the Ru3d peaks, i.e. 280.5 eV 

Figure 3-9: STM images of sample 5b-MG. Figure (a) (IT 
=1.0 nA, V = 500 mV) shows a flat area with a pit-like 
defect. Figure (b) is a zoom on figure (a): the lattice pa-
rameter is 2.76 Å. Figures (c) (IT = 5.0 nA, V = 500 mV) 
and (d) (IT = 1.0 nA, V = 500 mV)  illustrate some of the 
typical morphologies of this sample. 

(a) 

(b) 

(c) (d) 
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versus the 280.3 eV of the other three samples, and lower asym-

metry factors were needed to fit the data; also, it must be noted 

that samples 5b-triangles and 5b-MG have higher carbon content 

Figure 3-10: XPS analyses of samples 5x. Figure (a) shows the normalized 
fitted sum of peaks of the three samples. The high-resolution scans of fig-
ures (b), (c) (d) and (e) are, in order, those of samples 5a-trapezoids, 5b-
Nazca, 5b-triangles and 5b-MG. A higher asymmetry factor for the Ru3d5/2 
peak was necessary when the binding energy was 280.3 eV, i.e. for all sam-
ples but 5b-Nazca. 

(a) 

(b) (c) 

(d) (e) 
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than the other two. For sample 5b-MG this is also due to previous 

contamination which couldn’t be remove, whereas for sample 5b-

triangles this could be a consequence of the progressive decom-

position of the precursor, as mentioned before48. Given that the 

four depositions occurred with one month distance between each 

other (5a-trapezoids > 5b-Nazca > 5b-triangles > 5b-MG), it is plau-

sible that the Ru3(CO)12(s) decomposed more to Ru(s) and CO(g), low-

ering the proportion of Ru3(CO)12(g) with respect to CO(g). This 

would also explain the lower coverage for sample 5b-triangles, 

which was measured to be around 18% via STM. 

STM images of sample 10b (Figure 3-11) reinforce the idea that 

the Ru species nucleate on the side of the steps and then grow as 

Figure 3-11. Images from sample 10b showing the growth of the adislands on the side 
of the terrace, with an average of 52% of surface covered by RuOx. In image (a) (IT = 1.0 
nA, V = 200 mV) small pits can be seen in the middle of the adsorbates, while image (b) 
(IT = 1.0 nA, V = 200 mV) shows how the adislands grow in a hexagonal symmetry on the 
small terraces of a step-bunched portions of the sample. Image (c) (IT = 3.0 nA, V = 200 
mV) shows that the adsorbates have already coalesced on a wide terrace, still leaving 
holes within the island. 

(a) (b) (c) 
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islands, mostly in hexagonal symmetry. This can be particularly 

seen on the regions characterized by step-bunches, but also in ar-

eas with wider terraces. In these images, the atomic step between 

two adjacent Pt terraces is found to be 2.15 Å, compatible with the 

literature values44, while the adsorbates lies 1.3 Å (the same as the 

pits’ depth) above the terrace it is deposited on and 0.9 Å below 

the terrace onto whose step it nucleates. By only considering top-

ological and excluding the electronic effects, this information 

could lead to the hypothesis that ruthenium may deposit in bridg-

ing or hollow sites. On the other hand, the ordered and big islands 

could plausibly be a consequence of the high deposition tempera-

ture, which favours the most thermodynamically stable configura-

tion for adsorbates. 

The Ru3d photoemission peaks of sample 10b are very similar to 

those of sample 5b-Nazca in terms of binding energy of the main 

peak, which falls at 280.5 eV, while the asymmetry is lower. As 

mentioned in the Coverage section, as the deposition time in-

creases, the asymmetry factors needed to fit the data tend to de-

crease. This is also true for sample 20b, whose main photoemis-

sion peak falls at 280.5 eV and can be fitted with analogous pa-

rameters to sample 10b. 
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At double deposition time than that of sample 10b, sample 20b 

(Figure 3-12) shows that the platinum surface has been completely 

covered. In fact, after nucleating on the side of the steps and grow-

ing as islands, different patches coalesce into a continuous film, 

covering the whole surface of platinum. Albeit blurred, an atomic 

resolution image was obtained on this sample too, measuring a 

2.93 Å atomic distance. Some pits still remain visible, and on top 

of the first layer small ruthenium clusters with diameters between 

1.5 nm and 4.0 nm and 3 Å tall start to appear. The height of the 

steps results 2.2 Å. 

(a) 

(b) (c) 

Figure 3-12: images from sample 20b, with 
an average of 97% of surface covered by 
RuOx. In figure (a) (IT = 6.0 nA, V = 50 mV) 
the same atomic distances as those of  
sample 10b can be found. Images (b) and 
(c) (IT = 6.0 nA, V = 50 mV for all of them) 
show the morphology of the ruthenium is-
lands which have grown to occupy all the 
available terraces, except for some small 
remaining pits. 
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After the first monolayer is completed, the Ruthenium species 

adopts a steep and vertical three-dimensional growth, as it can be 

seen for sample 50b (Figure 3-13): huge pyramid-like structures 

grow on top of the first flat layer of RuOx in a typical overall Stran-

ski-Kastanov growth. The dark pits of the images above are at least 

1.75 nm deep; as shown in the corresponding profile line, the STM 

tip is too blunt to scan beyond that depth. 

 

3.1.3.4 CO dosing experiments 

CO exposure at room temperature does not alter significantly the 

STM images. As other works have shown36, CO can adsorb on top 

of Ru atoms or, in the case of RuO2(110), it mildly reduces the ox-

ide by substituting part of the bridging oxygen atoms and adsorbs 

on top of Ru atoms. Then, the carbon of the adsorbed CO binds a 

bridging oxygen atom, forming an unstable intermediate which is 

(a) (b) (c) 

Figure 3-13: (a) and (c) are STM images (IT = 0.5 nA, V = 200 mV) of sample 50b. 
The morphology of the sample is highly corrugated. Picture (b) shows the profile 
outlined in picture (a): given the shape of the profile, it is hard to assess accu-
rately how many layers of RuOx are stacked. 



66 
 

stabilized as the molecule forms a second double C=O bond, de-

sorbing from the oxide as CO2 and leaving an oxygen vacancy. This 

kind of mechanism requires the oxygen to be exposed on the sur-

face, and therefore the bulk oxygen atoms are unaffected by it. 

The samples 50b and 10b were exposed to CO. 10 Langmuir (L) of 

CO gas were fluxed on sample 50b in the prep chamber (Figure 

3-14). An XPS measurement showed that the BE of Ru3d5/2 shifted 

upward by an amount smaller than the experimental error. After-

wards, the sample was heated to around 600 K: a subsequent XPS 

measurements revealed that, as expected, RuOx was partially re-

duced, with its BE shifting downward by 0.2 eV, to 280.1 eV. 

In the case of sample 10b (Figure 3-15), CO was dosed three con-

secutive times, 50 L, 50 L and 550 L. The much greater amount of 

CO is justified by the geometry of the STM chamber, in which the 

sample faces in the opposite direction relatively to the gas source 

and towards a pit in which the tungsten tip dwells. In all these 

three cases, no new oxygen vacancies nor new holes were de-

tected, and CO did not form any clearly visible reconstruction over 

the catalyst surface, but instead some pits and holes seem to 

close. An XPS analysis followed the STM measurements, showing 

that the Ru3d BE had shifted from 280.5 to 280.3 eV and that the 

carbon 1s signals had increased in intensity. After annealing at 600 
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K, the sample was examined again via XPS, showing that the Ru3d 

BE had significantly shifted from 280.3 eV to 279.8 eV and that the 

O1s signal had nearly disappeared. Having also measured that the 

lattice step of these submonolayer adsorbates is compatible with 

the one of Pt(111), given that every LEED experiment always 

showed a p(1x1) pattern of Pt(111), it is reasonable to infer that 

ruthenium grows epitaxially over Pt(111), forming a strained 

Ru(0001) layer with the same lattice parameters as platinum and 

with a slight expansion from its bulk value. On the other hand, ox-

ygen is likely chemisorbed on the Ru layer and without forming a 

bulk oxide, at least for most of the considered samples. Given the 

amount of ruthenium on sample 50b and how its BE shifts only by 

0.3 eV after the exposure to CO and the annealing, it can be 

Figure 3-14: normalized XPS spectra of sample 50b before and after exposure to 10 L of CO 
and after a UHV annealing at 600 K. The surveys on the left show that the amount of oxygen 
decreases slightly after the annealing, and the high-resolution scans on the right show that 
the Ru3d peaks negatively shift by 0.2 eV after the annealing. 
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assumed that beyond a 2ML coverage some of the oxygen is not 

exposed, but rather in a bulk position. This deduced elemental 

composition and chemical state of the adsorbate is in line with 

some studies by Over et al.33, according to which the formation of 

a RuO2(110) thin film over a Ru(0001) surface requires tempera-

tures above 600 K and an uptake of at least 10 ML of O2 over clean 

Ru. This can be achieved by an excessive exposure to oxygen in the 

order of 105 L, with doses of 10-2 bar for several minutes. On the 

other hand, oxidizing experiments on sample 50b with up to 3000 

L of dosed oxygen at around 600 K did not bear any significant shift 

in the Ru3d photoemission peak BE, nor did they change the LEED 

pattern from the constantly observed 1x1 of Pt(111) to anything 

different. 



69 
 

3.1.3.5 Bias switching experiments 

During the acquisition of STM images, some bias switching exper-

iments were performed to investigate the behavior of the sample 

under different bias potentials. 

Figure 3-15: On the top, image of sample 10b before (a) and after (b) exposure to 650 
L of CO. While the most prominent features did not change, some pits and holes are no 
longer visible. On the bottom, normalized XPS spectra of sample 10b before and after 
exposure to 650 L of CO and after a UHV annealing at 600 K. The surveys on the left 
show that the amount of oxygen decreases after the annealing, and the high-resolution 
scans on the right show that the Ru3d peaks negatively shift by 0.5 eV after the anneal-
ing. 

(a) (b) 
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Those in Figure 3-16 are topographic 150x150 nm2 STM images of 

sample 5b-Nazca, all of them collected in 2’46’’ at a tunneling cur-

rent equal to 4.0 nA: image (a), with a positive bias of 500 mV, 

shows the typical features of sample 5b-Nazca, with long lines of 

RuOx around 4 nm wide and corrugated of 1.5 Å. As soon as the 

bias is switched from +500 mV to -500 mV, however, the lines start 

to fade (b) and eventually the images stabilize to what (c) shows, 

hiding the steps and the terraces and manifesting a valley among 

two hilly areas. The current images are analogous. When the bias 

is switched again to +500 mV (d), the Nazca lines gradually reap-

pear and, after a few minutes, the image stabilizes back to how it 

originally was (e), proving the sample did not change its morphol-

ogy. 

When this same experiment was tested on samples 20b and 50b, 

which have respectively around 1 and 2.5 ML of coverage, the ad-

sorbates did not disappear nor changed shape, but the images 

simply remained like those showed in a previous section. This 

could either be caused by the peculiar morphology of sample 5b-

Nazca or by the fact that, with a lower coverage, it is easier to draw 

a significant portion of the electrons in a specific band to the point 

where it is empty, changing how the orbitals are perceived by the 

tungsten tip. 
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Although ruthenium is a metal, this kind of behavior could be 

caused by the probably chemisorbed oxygen over it, which is al-

tering the electronic structure of the system. 

 

 

 

 

Figure 3-16, showing bias 
switching experiments on 
sample 5b-Nazca. All im-
ages were collected at 4.0 
nA; (a), (d) and (e) had a 
+500 mV bias, (b) and (c) a 
-500 mV bias. 

(a) (b) (c) 

(d) (e) 
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3.2 Electrochemical characterization 

3.2.1 Premises 

As mentioned in section 2.5.2, the samples were tested for alka-

line HER activity with a static working electrode in a nitrogen sat-

urated plastic cell, having MOE as a reference electrode and a 

graphite counter-electrode. 

Probably because of some yet to clarify problems in the experi-

mental setup, possibly related to resistance, the initial CVs ap-

peared very steep in the non-faradaic regions, making the study of 

the adsorption of H and OH quite difficult. An example is reported 

Figure 3-17: example of the steepness of CVs far from the faradaic area. 



73 
 

in Figure 3-17: the current is significantly different from zero in all 

regions, and the capacitive zone is steeped instead of flat. This 

problem was not solved by iR compensation, which was applied, 

since it is mostly relevant at high current values and only shifts the 

measured potential. All samples also showed a significant shift in 

their open circuit potential as they were cycled, on average from 

0.9 V vs RHE to 0 V vs RHE. 

Good quality cyclovoltammetries of Pt(111) (Figure 3-18), very 

similar to those available in literature16, were obtained despite 

these problems, allowing to calculate the electrochemical surface 

Figure 3-18. Static electrode Pt(111) cyclovoltammetry in KOH 0.1 M, collected 
at 100 mV/S. On the left the two adsorption peaks of H can be clearly seen; the 
steepness of the adsorption one is given by internal resistances and a steeped 
baseline was used to calculate its charge. On the right, the peaks related to the 
reversible adsorption of OH. The smaller peak at 0.55 V is associated to the re-
duction of the platinum oxide which starts right after the OH adsorption. 
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area (ECSA) from the adsorption and desorption of H and OH. 

Given the little corrugation of a single crystal, the ECSA was pre-

dictably of the same order of magnitude of the geometric surface 

area, respectively 0.214 and 0.502 cm2. Because of the smaller er-

ror which can be made in the measurement of the geometrical 

surface area, it was used to normalize the current values to cur-

rent density. 

A first batch of measurements, that will be represented with 

dashed lines, were carried on cycling the samples at potentials at 

which ruthenium is known to form soluble species. At pH 13, be-

tween -0.15 V vs RHE and 0 V vs RHE, Ru is known to form the 

hydrated hydroxide Ru(OH)3∙H2O, while below -0.15 V vs RHE it 

maintains its metallic form43. Above 0 V vs RHE and below 0.3 V vs 

RHE it oxidizes to RuO2∙2H2O, and beyond that potential its soluble 

phases are formed, starting with RuO4
2-. Although these phase 

changes should be reversible, the partial solubilization of an ad-

sorbate is surely going to change the morphology that had been 

observed via STM scans, even if Ruthenium can be deposited again 

on the platinum substrate when switching to negative potentials. 

A second batch of samples, represented with solid lines, was only 

exposed to potentials at which Ruthenium does not form soluble 

phases. 
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Given the high carbon content that deposits on the sample outside 

of the UHV system and given the C1s overlap with the Ru3d3/2 pho-

toemission peaks, it is difficult to quantify how much ruthenium 

may have left the surface. This is also caused by the fact that the 

first layers investigated by the XPS are no longer made of ruthe-

nium and platinum, but of carbon, water, and ruthenium, due to 

environmental contamination. As a consequence, the signal from 

the underlying platinum is lowered due to the longer path the pho-

toelectrons need to travel to be analyzed, and quantitative esti-

mations of how much, if any, ruthenium has been lost while ap-

plying potentials above the solubilizing ones are not possible. By 

comparing the as de-

posited and the post-

EC XPS surveys, after 

normalizing the data 

per scan numbers, 

dwell time and by the 

Pt4f7/2 peak, however, 

the Ru3d5/2 signals are 

compatible before 

and after the EC both 

in terms of BE and 

Figure 3-19: comparison between the as deposited 
and the after-electrochemistry surveys of sample 
5b-triangles, which was not exposed to solubilizing 
potentials. 
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peak shape, as exemplified by the 5b-triangles sample, as shown 

in Figure 3-19. 

 

3.2.2 Catalytic Activity 

Figure 3-20 reports the linear sweep voltammetries for the tested 

model catalysts. At first glance, it is evident that very small 

amounts of ruthenium drastically improve the alkaline HER catal-

ysis, such as in the cases of samples 5a and 5b-triangles, whereas 

too high amounts inhibit the activity below that of platinum, as 

sample 50b demonstrates. However, as these RuOx/Pt catalysts 

are aged (dotted lines), their activity drops below that of clean 

Pt(111). This is possibly due to the reorganization of the adsorb-

ates on the substrate, whose morphology is subjected to change 

as different phases form at different potentials. This could lead to 

reconstructions which, however, were not detected by LEED as the 

samples were put back into the UHV system. EC-STM measure-

ments are useful to understand how the surface morphology 

changes during electrochemistry and could be attempted in the 

future. Two different samples 10b were tested: the one belonging 

to the second batch (10b-bis) drastically reduced its catalytic ac-

tivity during the activation scans, with its onset negatively shifting 

to around -0.22 V. In fact, while the first CV of sample 10b-bis 
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showed some adsorption feature at 0.075 V, after the first few ac-

tivation cycles and right before the LVS for HER the cyclovoltam-

metry flattened. 

As mentioned by Schmidt et al.16, depending on the way the Tafel 

tangents are drawn almost any slope value between 40 and 200 

mV/dec can be obtained. This is due to the difficulty of clearly and 

Figure 3-20: hydrogen evolution LSVs for the various tested catalysts. All of them 
were collected at room temperature, with a static electrode, in a 0.1 M KOH solu-
tion. Dashed lines belong to the first batch of samples, which have experienced 
potentials capable of solubilizing ruthenium, while dotted lines belong to aged 
samples. 
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univocally defining a Tafel region. Because of this, the micropolar-

ization region, within a small potential interval of the thermody-

namic potential, can be taken advantage of to determine the ex-

change current density j0, as mentioned in section 2.5.1. Schmidt 

et al.16, working with platinum single crystals and with a rotating 

disk electrode (RDE) spinning at 2500 rpm, fitted their data in the 

0±20 mV region, finding an exchange current density j0 equal to 

0.01 mA/cm2 for Pt(111) and equal to 0.125 mA/cm2 for Pt(110). 

Figure 3-21: the micropolarization region ±5 mV of the reversible potential on 
the various tested catalysts at room temperature in KOH 0.1 M, 10 mV/s. 
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However, our data were not linear in that range, which had to be 

shrunk to 0±5 mV vs RHE (i.e. where is the thermodynamic poten-

tial of the reaction) to have a linearity sufficient for and adjusted 

R0 above 0.995. Moreover, the experimental data did not intercept 

the 0 mA/cm2 current value at 0 V vs RHE, probably for capacitive 

effects, as shown in Figure 3-21. However, since the slope is inde-

pendent of the vertical shift of the curve, that should not be a 

problem. Table 3 reports the calculated j0, the potential needed to 

reach a 5 mA/cm2 current density and the Tafel slope for the in-

vestigated samples. The exchange current density was also calcu-

lated from the intercept of the Tafel fitting line, but it was not com-

parable to the micropolarization values and quite far from the lit-

erature values. 

 j0 (mA/cm2) V5 (mV) 
Tafel slope 

(mV/dec) 

j0 from 

Tafel 

(mA/cm2) 

Pt(111) 0.05 -180 42 0.35 

Pt(111) 

(ref 16) 
0.01 - 50 - 

5a-trape-

zoids 
0.14 -80 32 0.68 

10b-0.5 ML 0.11 -110 36 0.65 
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15a-0.75 

ML 
0.08 -200 71 0.69 

50b-2.5 ML 0.05 -210 32 0.55 

5b-trian-

gles 
0.22 -70 44 0.74 

5b-MG 0.06 -152 45 0.53 

10b-bis 0.01 -240 42 0.10 

Table 3: exchange current density j0 (calculated by linearly fitting the data in the 
micropolarization region), potential needed to reach 5 mA/cm2 V5 and Tafel slope, 
determined in the electron transfer limited region of the LSVs. 

Firstly, it is evident that the HER reaction is strongly sensitive to 

the morphology and to the sample history. The Pt(111) sample has 

an exchange current density five times higher that reported in the 

literature16, however the mismatch can be attributed to the sur-

face area calculation. The Tafel slope values are plausibly not to be 

trusted: if the values were accurate, the rate determining step of 

alkaline HER for clean Pt(111) would not be the Volmer reaction, 

i.e. the dissociative adsorption of water, but rather something in 

between the Tafel and the Heirovsky steps, which is in contrast 

with experimental9,16 and computational studies12. At the same 

time, the slightly better Tafel slopes for 5a and 5b RuOx/Pt cata-

lysts if compared to the literature can be explained by the pres-

ence of an oxyphilic metal which, being capable of forming oxyhy-

droxides, can lower the energy barrier for the Volmer step11. 
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Figure 3-22 shows how the coverage and the morphology affects 

the catalysis. On the left Y axis one can see the scale of the ex-

change current density, represented by dark yellow stars in the 

graph that are crossed if they belong to the first batch of measure-

ments. Similarly, the right Y axis and the copper-colored circles in-

dicate the V5 parameter, and in this case the hollow crossed circles 

refer to the first batch. To keep the graph in a smaller horizontal 

size, as the X axis suggests the area between 0.8 and 2.0 ML was 

cut. Still bearing in mind that the first batch of samples is poten-

tially not reliable, a volcano plot emerges correlating low coverage 

and small islands or ruthenium to better performances, in agree-

ment to a very recent article by Zhu et al. who found a similar 

Figure 3-22: scatter plot correlating coverage, morphology, exchange 
current density and V5 of the tested samples. 
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correlation between coverage and exchange current density25. In 

particular, the best activity belongs to the sample with the lowest 

coverage (5b-triangles) for all of the displayed indicators, but not 

in terms of Tafel slope (see Table 3). As shown in section 3.1.3.3, 

sample 5b-triangles had very dispersed triangular-shaped Ru is-

lands, some of which having an internal hollow core, with a large  

interfacial area between platinum and ruthenium, as in the case 

of the experiments by Xue et al.21. For other samples, these fea-

tures are absent in favor of wider and wider islands, and the cata-

lytic activity decreases: as the coverage grows, the fraction of ru-

thenium atoms fully coordinated by other ruthenium atoms on the 

horizontal plane grows as well. 

This factor was further investigated by fractal dimensions evalua-

tions carried out on samples 5a-trapezoids, 5b-triangles and 5b-

MG. The fractal dimension D of a surface is a way of describing its 

geometric complexity and roughness. The topological dimension 

of a surface is 2, however as the complexity of a surface grows so 

does its fractal dimension, which is a non-integer value between 2 

and 352. It can be measured via STM, as demonstrated by Gómez-

Rodríguez et al.53, by plotting the measured perimeter of the ad-

sorbates versus their areas. The plot can be fitted with an expo-

nential function: 
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𝑃 = 𝜇𝐴𝛼  

Where P is the perimeter measured in Ångstrom, μ is a pre-expo-

nential fitting factor, A represents the areas in nm2. The fractal di-

mension D is given by 2α+1. This method overestimates the fractal 

dimension of a surface, but for more complex surfaces the exper-

imental D values get closer and closer to their theoretical counter-

parts. The fractal dimension of samples 5a-trapezoids, 5b-triangles 

and 5b-MG were calculated to be 2.2, 2.4 and 2.4 respectively. 

From the literature, it is known that the ideal catalyst should be 

fractal54: since the fractality is directly correlated to the interfacial 

area between ruthenium and platinum, better performances of 

the most fractal would be and indicator of the presence of a bi-

functional mechanism. However, sample 5b-triangles and 5b-MG 

have the same fractal dimension and different activity. The two 

samples are particularly different for the dimension of the adsorb-

ates and the coverage: the smaller, fewer and more disperse is-

lands of sample 5b-triangles seem to be more effective than the 

wider and slightly more abundant ones of sample 5b-MG. In ab-

sence of further computational studies doing the necessary calcu-

lations, it is also possible to hypothesize that the wider ruthenium 

islands have a stronger electronic modulation effect on platinum 

than the small ones; this would be a further indication for the 
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better catalytic improvement in lower coverage samples coming 

from a bifunctional effect in which ruthenium aids platinum by 

splitting water, which is particularly good at10,22, and the nearby 

platinum atoms catalyze the evolution of hydrogen. This mecha-

nism would be hindered at higher coverages by the lower interfa-

cial area, and the smaller exposed platinum surface area probably 

has a part too in the worse performances. 

However, albeit being very active, such structures are evidently 

unstable, as discussed before and shown in Figure 3-20; an inter-

esting future experiment could be the deposition of a stable sp2 

carbon layer made of graphene over such catalysts, to investigate 

whether it can boost their durability without hindering their activ-

ities, as some have already attempted55,56. 
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4 Conclusions and future outlooks 
Mildly oxidized ruthenium, deposited via thermally activated CVD 

of the Ru3(CO)12 precursor onto a Pt(111) single crystal, was ob-

served forming multiple different epitaxial nanostructures de-

pending on the coverage, on the oxygen pressure and on the plat-

inum temperature during the deposition. The growth mode was 

found to be a Stranski-Kastanov, with clusters of various shapes 

nucleating and growing from the lower side of platinum step edges 

into flat and wide terraces; after the first monolayer is formed, the 

growth follows a 3D islanding mode. 

Static electrode electrochemical measurements in a KOH 0.1 M 

electrolyte, despite some experimental issues, exposed a greatly 

increased electrocatalytic activity towards the HER when platinum 

was covered by small amounts of RuOx. Out of the two best per-

forming samples, the one with the higher fractal dimension was 

also the better for the two considered electrocatalytic figures of 

merit, suggesting a bifunctional mechanism between Ru and Pt, 

respectively better at dissociating water and evolving hydrogen. 

One of the investigated samples, named 5b-Nazca, had very inter-

esting line-shaped nanostructures with a great amount of interfa-

cial area between the platinum and the ruthenium. The prelimi-

nary tests on a similar sample (5b-MG) did not show a strikingly 
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better activity than the other samples. This suggests that the cov-

erage and the adislands dimensions play an important role along-

side their morphology in boosting the activity of platinum. 

An interesting outlook for future studies would be trying to under-

stand which processes make the CVs and the activity of these sin-

gle crystal-based catalyst change so dramatically, for example by 

observing the surface morphology via EC-STM. Covering such a 

system with a graphene layer would also be interesting because it 

is known to increase the durability of catalysts without signifi-

cantly impacting their activity, given a number or layers between 

one and three55,56. Given the chemisorbed oxygen on Ru and the 

high reactivity toward water dissociation this combination is 

known to have22, it would also be interesting to study the catalyst 

activity in-situ to investigate the Ru3d chemical shift after the con-

tact with alkaline water and after electrochemical CVs, without ex-

posing the sample to the atmosphere: this would provide an in-

sight to the stability of this chemical state which, if found to be 

low, would be another reason to try covering it with graphene. 

Some considerations must be made regarding the method. For 

reasons yet to unveil, the cyclovoltammetries often present them-

selves as steeply sloped at the beginning of EC measurements. 

Given that, in our research group, this problem has only been 
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spotted with the single crystal sample holder and good CVs have 

proven to be unusually tricky to obtain, before proceeding to fur-

ther research it is necessary to solve this problem which could lie 

in the EC cell configuration itself, in the single crystal sample 

holder or maybe in the in-vacuum preparation of the sample. 

Another critical element of this work is the reproducibility. Only a 

few samples could be tested for electrochemistry due to time con-

straints and the long preparation that a single crystal requires in 

UHV to achieve a high-quality surface: because of this, it was not 

possible to test multiple times the same type of sample, nor to 

observe them at the STM, the tip of which is often the factor de-

termining whether a good resolution can be achieved. 
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