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Abstract 

 

 

The realization of superior corrosion-resistant alloys requires a detailed understanding of 

surface oxidation to mitigate the impact of corrosion. To this end, we have studied the nanoscale 

evolution of surface oxides prior to the formation of a complete layer. The oxidation of Ni(100), 

Ni(111), and Ni-Cr(100), Ni-Cr(111) surfaces was captured by sequential oxidization and 

measured with scanning tunneling microscopy/spectroscopy (STM/STS) in situ. Alloy thin films 

(8-18 wt.% Cr) were prepared on MgO(100/111) and exposed to oxygen up to 400 L at 500 oC. 

NiO was found to undergo anisotropic growth and drive step-edge faceting on Ni-Cr(100), while 

NiO initiated across the terraces on the Ni-Cr(111) samples. On both surfaces the chromia initially 

nucleated as flat disks and eventually coalesced as large nodules. Several novel Cr(100)-O surface 

reconstructions were observed on the FCC Ni-Cr(100) surface, indicating surface segregation and 

phase separation of BCC Cr. Each aforementioned surface oxide presented a unique electronic 

signature, and STS maps were used to spatially resolve and assess local fluctuations in the DOS. 

To understand how the presence of grain boundaries and crystallography affect the initial 

stages of oxidation, a polycrystalline Ni-22wt.%Cr alloy was oxidized under UHV conditions. The 

surface was exposed to O2 and studied as a function of time and crystallographic orientation in 

operando with a Spectroscopic Photoelectron and Low Energy Electron Microscope, which can 

also perform XAS and XPS measurements in the valence band and core level regime. The 

oxidation across (104) and (212) alloy grains was simultaneously acquired with 25×25 nm2 

resolution by monitoring the XAS Cr-L-edge peak during a cumulative 65 L O2 exposure at 500 

oC. Initial changes in image contrast showed anisotropic surface oxide growth, and as oxidation 



  xi 

continued each grain became saturated with oxide at different rates. The grain boundary influenced 

the oxide growth on the (104) grain, while the (212) grain was unperturbed and oxidation 

proceeded more uniformly. After further oxidation, chromia nodules appeared across the (104) 

grain, their area growing linearly with time. These experimental results, when combined with 

computational level-set image characterization and DFT, underscore the importance of electronic 

heterogeneity and crystallographic orientation in driving kinetic behavior during surface oxide 

growth within the pre-Cabrera-Mott regime. 

The corrosion of binary Ni-Cr and ternary Ni-Cr-Mo alloys was considered under a variety 

of different electrochemical conditions and their surfaces measured ex-situ with AFM. The data 

analysis was informed by in operando single-frequency electrochemical impedance spectroscopy 

(SF-EIS) measurements, taken by the Scully group (UVA), on the electrochemically grown 

passive film in either a chloride or sulfate solution as a function of time. Our results found that 

oxide nucleation occurs in the form of islands, which form on newly passivating surfaces with 

seconds of the establishment of an electrochemical potential driving force favoring oxidation of 

both Cr and Ni. Oxides tend to grow first as islands and coalesce to form nm-scale coverages on 

metallic surfaces consistent with the sharp decrease in oxidation rates commensurate with thin 

film-field driven passivation. At the same time, it is found that chemical driving forces favor 

simultaneous oxide dissolution, especially in the case of Ni2+ oxides. The balance between these 

two processes is argued to govern morphologies and thickness evolution. Roughness and 

topographical heterogeneity evolve with time and depend critically on anion identity. Cl- is shown 

to enhance the spread in oxide island radii, heights, and Cr/Ni ratio compared to SO4
2-. The 

possible impacts of morphology and chemical composition on oxide instability and breakdown are 

discussed.   
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Chapter I: Introduction 

 

 

Oxidation and corrosion are ubiquitous phenomena that initiate at the surface of a material. 

Elicited by interactions with the surrounding environment, these processes result in the degradation 

of a material and its properties.1 The ecological and economic cost of material breakdown due to 

oxidation and corrosion is staggering, therefore corrosion resistance is an important design 

parameter for technical alloys.  The study of corrosion processes, which includes dry as well as 

aqueous corrosion reactions, is motivated by the need to increase the functional lifetime of 

materials, enhance public and environmental safety and reduce the overall economic burden 

incurred by materials degradation. When a material displays corrosion resistant behavior it is 

assumed the degradation is slow and the material and its properties have a comparatively long 

lifecycle. This resistance to degradation can come down to a relatively small number of atoms at 

the surface and the manner in which their electrons interact with the environment (e.g. air, water, 

etc.). For example, the oxidation of most metals initiates with the growth of a metal-oxide interface 

at the surface, where the oxide covers the surface and can act as a barrier to further oxidation. 

Exactly which oxide forms, its stability and growth rate are important parameters in determining 

a metal’s corrosion resistance.  

Depending on operational need, metal components used in practical applications can be 

alloyed with other elements to enhance their corrosion properties. Transition-metal alloys are a 

particular class of alloys with high technical relevance, and the complex processes that govern the 

reactions of molecular oxygen and corrosive solutions with these alloys have garnered significant 

interest for many decades.4–14 Specifically, this dissertation considers the initial thermal oxidation  
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Figure 1-1. The phase diagram15 (A) of Ni-Cr alloys and the crystal structure (B) of interest in this 

dissertation, where the silver atoms are Ni and the blue atom is Cr. 

 

on Ni-Cr alloys, which possess excellent mechanical properties, a high degree of corrosion 

resistance and have practical application in an array of industrial and military systems.16–19 These 

properties also make Ni-Cr useful for high temperature applications such as aerospace turbine 

blades and thermocouples.17,18,20 Ni-Cr alloys of this technical class normally have a Cr 

concentration that is [Cr] < 30wt.% (weight precent). At this composition Ni-Cr alloys form a solid 

solution, where the Cr atoms are randomly substituted with the remaining Ni atoms, Figure 1–

1(A). Within this compositional space the crystal lattice is determined by the Ni, which forms a 

face centered cubic (FCC) lattice, Figure 1–1(B). Therefore, the initial stages of oxidation on Ni-

Cr alloy surfaces need to be considered as a heterogeneous reaction that occurs between the 

oxidation pathways of both the Ni and Cr atoms, and the different oxide phases that develop as 

oxidation progresses. 

The corrosion resistance afforded by Ni-Cr alloys is attributed to the Cr atoms, which can 

form a passive Cr2O3 layer when exposed to oxygen at elevated temperatures.4,5,21,22 The origin of  
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NiO Cr2O3 NiCr2O4 

Crystal lattice Cubic23 Hexagonal24 *Tetragonal25,26 

Lattice parameters (nm) a = 0.417 a = b = 0.495    c = 0.136 a = 0.851    b = 0.582 

Band gap (eV) 4.327 3.4 – 528,29 4.1 – 4.330 

 

Figure 1-2. The different thermodynamically stable oxide species possible on Ni-Cr alloys: (A) NiO, 

(B) Cr2O3, and (C) NiCr2O4. The gray atoms are Ni, the blue atoms Cr, and the red atoms O. The table 

(D) provides some general information about their geometry and electronic structure. *A cubic structure 

has also been measured. 

 

chromia’s protective nature comes from its limiting thickness and adhesive quality. Effectively, 

once the oxide forms a complete layer with a particular vertical thickness, it inhibits the depletion 

of metal atoms from the underlying alloy and does not delaminate from the surface. This behavior 

is advantageous to material longevity and is why Ni superalloys are alloyed with Cr. However, Cr 

is expensive compared to Ni and consequently makes up a minority constituent component of most 

technical Ni-Cr alloys. The Ni atoms will also react to the presence of oxygen by forming NiO, 

which continues to grow and thicken in the presence of oxygen at elevated temperatures unless a 
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complete passive chromia layer develops at the alloy-oxide interface.9 The mixed spinel phase 

NiCr2O4 can also grow during thermal oxidation, however it is much less common than the phases 

previously mentioned. Examples of the crystal structure of these three oxides is provided in Figure 

1–2, as well as some basic properties of each oxide relevant to this dissertation.23–30 

The early stages of oxidation are complex, and synergistic interactions between the 

alloying elements, oxygen and each oxide phase are at the heart of understanding the alloy-to-

oxide transformation. A large body of work exists on performance, passivation and break-down of 

complete oxide layers, but attention has turned only recently to the early stages of alloy 

oxidation.4,10,12,14,31,32 It is therefore important to consider the initial stages of oxidation by 

targeting length and times scales during the nucleation and growth of partial oxide layers or islands 

on the surface, Figure 1–3. At these early stages significant structural and chemical changes at the 

alloy-oxide interface are observed.4,33–37 These changes can bias the continued growth of the 

protective oxide and are therefore presumed to critically influence the passivity and performance 

of the oxide at these initial stages. 

 

 
Figure 1-3. The different length scales typically considered when describing absorption and oxide 

growth on metal systems. The focus of this dissertation is marked relative to these different regimes, 

each of which will be discussed in Chapter II. 
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The initial oxidation behavior at the surface is highly sensitive to the alloy composition, 

oxidation temperature and crystallographic orientation.13 To better understand the physics and 

chemistry of these early stage oxidation pathways, this dissertation targets the oxidation of single-

grain Ni-(8-22)wt.%Cr alloy surfaces at 500-600 oC. As growth of the alloy-oxide interface 

initiates at the surface, a variety of different scanning probe microscopy, photoelectron 

spectroscopy and electron microscopy techniques will be synergistically paired with theoretical 

modeling to provide an atomistic understanding of the oxidation process. These results will be 

used to develop a mechanistic understanding of the initial reaction steps at the nanoscale. This 

approach will facilitate a deeper understanding of the relationship between initial oxide formation, 

oxide growth and properties, which will be useful in the design of future alloys.  
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Chapter II: Background and Motivation 
 

 

2.1 Metal Surface: Oxygen Adsorption to Oxide Saturation 

 

During oxidation significant structural and chemical changes occur at the alloy-oxide 

interface,1–6 and these changes can influence the passivation process as they predicate the 

development of a complete and corrosion resistant oxide layer. To understand these changes, 

models have been developed that capture the subtleties governing the physics and chemistry of 

oxidation phenomena. These are typically employed to predict different stages of the oxidation 

sequence, such as the d-band model7–13 or Cabrera-Mott model1,14,15, which can predictively 

determine the adsorption behavior and growth kinetics of thin oxide layers, respectively. However, 

discrepancies in the oxide growth arise due to the assorted oxidation pathways exhibited by 

transition metal alloys, e.g. Ni-Cr.16,17 To better understand the oxidation process, the general 

oxidation behavior of oxygen adsorption to oxide saturation will be considered within the context 

of currently available theoretical models. A description of electrochemical corrosion at alloy 

surfaces will be discussed separately in section 2.4, and the differences between dry oxidation and 

aqueous corrosion will be remarked upon. 

The early stages of oxidation commence with the impingement, adsorption, and 

dissociation of a reactive species (e.g. H2O or O2) onto a surface. The initial interaction results in 

bonding between the reactive species and the metal atoms, whereby the adsorbate can dissociate 

and become physisorbed or chemisorbed on the surface, Figure 2–1.18–20 If the exposure is  
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Figure 2-1. The general behavior of oxide growth on a Ni surface.18,21 

 

sufficiently low, no metal to oxide phase is formed and instead oxygen adlayers typically are seen 

across the surface. The adsorption on transition metals and transition-metal alloy surfaces can be 

predicted by the d-band model.7–13 In this model the electrons comprising the d-band of the 

transition-metal primarily determine the location and strength of the primary bonding to the 

adsorbate. For Ni-Cr alloys, the Cr atoms have been found to be preferential bonding sites for 

adsorption and can locally catalyze the reaction with the surrounding Ni atoms, thus enhancing the 

alloy’s propensity for oxygen adsorption.9,22–24 The partial pressure, temperature and 

crystallographic orientation can also have an effect on the manner in which surfaces react and will 

be discussed in detail in the next section. As exposure increases, the oxygen incorporates into the 

metal lattice and the nucleation and growth of an oxide layer or island occurs, Figure 2–1.17,18,23,24 

Chemical potentials develop at the alloy-oxide-oxygen interfaces and can drive the diffusion of 

metal cations and oxygen anions to the growth front, which happens faster at higher temperatures.  

Cabrera-Mott and Wagner’s theory are used as the basis to describe the growth of complete 

oxide layers at elevated temperatures, and are suitable to understand the growth kinetics of oxide  
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Figure 2-2. The growth rate of oxides as a function of film thickness.1  

 

layers across different length scales.1,25–27 Cabrera-Mott theory is applied to describe the growth 

kinetics of oxide layers that range from about 1 - 10 nm in thickness, Figure 2–2. At these length 

scales, growth is dominated by ion transport through the oxide layer, which is driven by the electric 

field between the metal-oxide and gas phase/adsorbate-oxide interfaces. This interaction controls 

oxide growth until a limiting vertical thickness is reached and the electric field is diminished.1,25,27 

Once the oxide reaches this limiting thickness Wagner’s theory, which assumes a net charge 

neutral diffusion of ions and a field arising via ambipolar diffusion through the oxide, is suited to 

understand the growth rate.28 This growth regime typically describes oxides growth on the 

micrometer length scale. The oxide growth rate as a function of oxide thickness within both the 

Cabrera-Mott and Wagner growth regimes is shown in Figure 2–2.1 Both of these models assume 

that film growth is planar and homogenous across the surface, however the initial stages of growth 

before a complete oxide layer is formed are not fully understood. Indeed, many discrepancies have 
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been observed during the thermal oxidation of transition metal surfaces.17,29,30 Therefore, this 

dissertation specifically considers the transition from alloy to oxide during a growth regime prior 

to the Cabrera-Mott regime termed the “pre-Cabrera-Mott regime”, by capturing the initial stages 

of oxidation and corrosion on Ni-Cr alloy surfaces. 

 

2.2 Oxidation of Low-index Ni-Cr Surfaces 

 

To understand the role of crystallography in the early stages of oxidation Ni(100), Ni-

Cr(100), Ni(111) and Ni-Cr(111) alloy surfaces are used as model systems. When oxidized above 

room temperature, Ni(100) oxidation begins with the dissociative chemisorption of O2 and the 

formation of p(22)O and c(22)O ordered adlayers.19,30–33 However, at elevated temperatures the 

formation of NiO is delayed and increasingly large oxygen exposures are required for its 

nucleation. Following the work by Kopatzki et al.31 the incubation period can be attributed to the 

loss of preferential nucleation sites at the step edges due to faceting into {100} segments, which is 

driven by the reconstruction and achieved by the increased ad-atom mobility at higher 

temperatures, Figure 2–3(a). The NiO nucleation on Ni(100) relies on the availability of step edge 

nucleation sites, while nucleation on the terrace is suppressed. As a consequence, the Ni(100) 

surface requires relatively large doses of O2 to initiate oxide formation.30–32,34 The oxidation of 

Ni(111) also deviates from the expected oxide saturation thickening behavior predicted by the 

Cabrera-Mott model. Even after O2 doses of up to 1000 L, clean areas of Ni(111) metal are still 

observed with patches of thin oxide between them.29 

For Cr(100), a variety of different ordered oxygen adlayers and surface reconstructions 

have been reported after oxygen exposure.20,35–39 It has been postulated that variations in sample  
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Figure 2-3.  STM images of Ni(100) and Cr(100) surface after O2 exposure. An STM image (a) of the 

Ni(100) surface (100×100 nm2) after adsorption of 100 L of O2 at 370 K.31 A high resolution (12×12 

nm2) image inset is superimposed over the image, highlighting the c(2×2)O adlayer. (b) A 10×10 nm2 

STM image of the Cr(100) surface after O2 exposure, showing the (√5 × √5)𝑅27° reconstruction.20 

Superimposed over the image is a model of the surface determined by LEED. The STM image in (a) was 

measured at Vbias = 0.1-1.5V, It < 1 nA and the image in (b) was measured at Vbias = -0.19 V, It = 8 nA. 

 

surface preparation are responsible for the disparities.35  While the initial onset and progression of 

monolayer oxygen coverage is unresolved, the formation of chrome-oxide has been shown to 

initiate by the incorporation of oxygen atoms into the Cr(100) surface, Figure 2–3(b). This ad-

layer is accompanied by small domains of a (√5 × √5)𝑅27° sub-surface vacancy structure 

showing, at most, short range ordering of vacancies and not the long-range ordering of missing 

row reconstructions.20 After a complete layer is formed the initial oxide growth is dominated by 

oxygen anion transport at Tox < 300 oC and by metal cations at elevated temperatures.39 The unique 

reaction pathways of the Ni and Cr surfaces suggests that alloying will result in distinctive 

oxidation processes different from those of the pure constituent metals. 

The oxidation of Ni-Cr alloys is governed by the competing formation of NiO, Cr2O3, and 

mixed oxides such as the spinel NiCr2O4. Temperature, alloy composition, crystallographic 

orientation, and partial pressure of oxygen all influence the reaction pathways and consequently  
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Figure 2-4. Cross sectional STEM and EDS analysis after oxidation of a Ni–20at.%Cr (atomic percent), 

where each phase was also determined by HRTEM. STEM image in (a) shows the cross-sectional view 

of layered oxide structure and (b) the corresponding EDS elemental maps of the area marked in the white 

block.40 

 

the oxide products.1,5,16,21,40–44 In general, the oxidation of Ni-Cr at or below 700 ºC, and for alloys 

with less than 20wt.%Cr, is dominated by the initial formation of NiO, which is generally attributed 

to the lower activation barrier for nucleation on a cube-on-cube epitaxy for the rock-salt structure.16 

NiO therefore dominates the initial oxide layer and Cr2O3 subsequently forms at the alloy-oxide 

interface by internal oxidation.1,45–47 Luo et. al. specifically studied the oxidation of Ni-

10at.%Cr(100) and Ni-20at.%(100) alloy surfaces at 450-700 oC with high-resolution transition 

electron microscopy.16,40 The in situ TEM and ex situ STEM results reveal the consequence of this 

reaction sequence is a layered oxide structure, Figure 2–4(a).40 In conjunction with elemental 

mapping via EDS, evidence of Cr depleted zones were found in the alloy beneath the Cr2O3 layer, 

Figure 2–4(b). A limited supply of Cr in the Cr-poorer alloys impedes the formation of a 

continuous Cr2O3 layer thus diminishing the oxide’s protective function.40 However, the transition 
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from alloy to complete oxide saturation on these surfaces is still not fully understood. To this end, 

more work is needed to understand how the alloy-oxide interface changes during oxidation and 

how crystallography effects the oxidation pathways this alloy system.  

 

2.3 Low temperature Oxidation of Ni-Cr(100) 

 

Previous work was conducted by Dr. Gopal Ramalingum, a former Reinke group member, 

on the oxidation of Ni-Cr(100) alloys at low temperatures (~300 oC). The oxide surface coverage 

of Ni-Cr(100) alloys after sequential oxidation steps was studied as a function of [Cr], Figure 2–

5(a). The experimental results were paired with thermodynamic and kinetic modeling to 

understand how oxide islands grow and coalesce at low temperatures.17 The post-nucleation and 

growth of oxides was captured on a Ni-wt.%5Cr(100) thin film using scanning tunneling 

microscopy (STM) after exposures between 7 and 130 L of O2, Figure 2–5(b)–(e). Numerous STM  

 

 
Figure 2-5. (a) Oxide coverage as a function of oxygen exposure given in Langmuir (L) for Ni-

5wt.%Cr(100), Ni-14wt.%Cr(100) and Ni-33wt.%Cr(100) samples.48 The sequential oxidation of a Ni-

5wt.%Cr(100) sample is provided; an STM topography in (b) and current topography in (c)-(e). The STM 

images were recorded at Vbias = 2.0 V and It = 0.1 nA. The areas circled in white show instances of islands 

touching and coalescing into a larger island.17 
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images were analyzed, to evaluate the individual island sizes, the island number density, and oxide 

surface coverage as a function of oxygen exposure, Figure 2–5(f). STM data showed that changes 

in the oxide island height and oxide island radius are a separate, as opposed to a simultaneous, 

process. Essentially, the oxide islands were found to grow in height until they reach a critical 

thickness, after which the lateral growth dominated.  

These experimental results were used to develop a surface diffusion model for oxide island 

growth. Figure 2–5(g) compares experimental oxide size distributions with those calculated from 

the surface diffusion model, using parameters that match the corresponding exposure from 

experiment. The initial growth of the surface oxide islands was shown to be controlled by short-

range oxygen diffusion and was modeled using a screening length of approximately 0.4 nm, 

suggesting that growth and coalescence are localized to the edge of the oxide island at these 

oxidation temperatures and alloy compositions. Using this value of the screening length, excellent 

agreement between simulated and measured size distributions and island statistics is achieved, as 

shown in Figure 2–5(g). The results of the experimental and theoretical data set indicated the island 

growth rate is independent of the oxide island size, and is directly proportional to the gas pressure. 

Despite the success of these results, the nucleation behavior of the partial oxide layers was not 

fully understood and information on the oxide chemistry and composition was missing. Therefore, 

more work on the early stages of oxidation is needed to determine what oxide species form, how 

each oxide species nucleates, and in what manner does the oxidation pathway for each constituent 

alloying element evolve as a function of temperature and crystallographic orientation. 

The electronic structure evolution of the Ni-Cr(100) surface after 300 oC oxidation was 

also obtained.48 The STM topography data of a Ni-14wt.%Cr(100) surface after 30 L of oxidation 

and matching STS data are shown in Figure 2–6(a) and 2–6(b), respectively. The spatially resolved  
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Figure 2-6. (a) The STM topography and accompanying band gap map (b) recorded on a Ni-

14wt.%Cr(100) alloy thin film after 30 L oxidation at 300 °C.48 The arrows in (b) point to oxide islands 

with different heights and respective band gaps. The band gap distributions in (c) shows the band gap 

evolution of a Ni-14wt.%Cr(100) surface after 7 L, 30 L and 80 L of O2 exposure.48 The scale bar in 

STM image is 25 nm and the color scale in the bandgap map is 0 eV (blue) to 2 eV (red).  

 

band gap map distinguishes the alloy and oxide features across the surface. The thinner oxide 

features marked with the white arrows were found to have lower band gaps compared to the thicker 

islands around them, indicating a relationship between the oxide height and its band gap. The band 

gap of the surface was plotted as a function of exposure in Figure 2–6(c). As oxygen exposure is 

increased the oxide layer closes, as indicated by the increasing average band gap of the surface at 

greater exposures. While these data points indicate a relationship between the oxide height and 

their band gap, more work is needed to accurately determine the chemical nature of the oxide 

species and how the metal-oxide interface effects the electronic structure of the surface. It is also 

unclear how the conditions of the STS measurement itself effect the electronic structure of the 

oxide, thus the conditions of the STS mode will have to be carefully changed and their effect 

monitored. 
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2.4 Electrochemical Corrosion of Ni-Cr Alloys 

  

Aqueous corrosion is experimentally studied by placing a metal in an electrochemical 

solution, applying a potential across that metal and monitoring the growth of the passive oxide 

film. During growth, the motion of the ions and defects is driven by an electric field across the 

film. Similar to the dry-oxidized alloys, the passivation of Ni-Cr alloys in aqueous environments 

is due to the formation of thermodynamically and kinetically stable passive Cr-rich oxides. NiO 

and hydroxides are also observed during aqueous corrosion and are stable over a broad range of 

potential and pH.49–53 However, the passive oxide film that forms on the surface can be susceptible 

to breakdown and dissolution.54–62 Models have been developed to understand the interplay 

between oxide growth and breakdown, specifically the Point Defect Model (PDM) and the 

Generalized Growth Model (GGM).15,63 The PDM accounts for the diffusion of cations and anions 

through the oxide film and the reactions at the metal-film-solution interfaces. The dissolution of 

the oxide film is also explicitly accounted for, which allows the thickness of the steady-state film 

to be known. The general schematic of the PDM and the five reaction equations governing the 

oxide growth (1 & 2), metal dissolution (3 & 4) and passive film dissolution (5) are highlighted in 

Figure 2–7(a).64 While the PDM has been used to successfully explain some experimental results, 

it assumes electric field strength across the film is constant and independent of both the anode 

potential and the film’s thickness. The GGM, modifies this assumption by accounting for a change 

in the electric field across the oxide, as well as the potential drop at the oxide-solution interface, 

Figure 2–7(b).15  

One of the assumptions of both these models is that the metal-oxide and oxide-solution 

interfaces are always planar, despite experimental results that contradict this notion.64 For example,  
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Figure 2-7. Diagrams of the metal-oxide-solution within the framework of the point defect model (PDM) 

and generalized growth model (GGM).64 The different reactions possible (1)-(5) are given by the PDM 

in (a). χ is the charge of the cation in the oxide, while δ is the charge of the cation in the solution. Kröger-

Vink notation is use to denote the point defects in the oxide, where a • is a positive charge relative to the 

host lattice, and a 0 is a negative charge relative to the host lattice. (b) The potential that arises between 

the metal-oxide-solution interfaces is described using the GGM and has been expanded by R. 

Ramanathan and P. Voorhees.64 

 

in chloride solutions oxide films have been observed to undergo localized breakdown and 

dissolution in the form of pitting and crevice corrosion, which can lead to local dissolution and 

subsequent attacks at the interface of the metal or alloy.54–62,65,66Aside from changes at the 

interface, surface roughening can also occur by chemical processes including preferential chemical 

dissolution and/or oxidative dissolution across regions of the oxide that have not undergone a 

breakdown event. A model proposed by Ramanathan and Voorhees, adapted from the PDM and  
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Figure 2-8. AFM images a carbon-steel (X65) surface after being electrochemically exposed to a CO2-

Saturated uninhibited NaCl solution at different times.67 The vertical scale on the before and 10 min 3D 

images is 120 nm, while the vertical scale is 375 nm for the 60 min 3D image. All images are 5×5 𝜇𝑚. 

 

GGM, has attempted to account for lateral variations and non-planar interfaces by assuming 

Gauss’s law is preserved across the oxide-solution interface and the potential drop at the Helmholtz 

layer is linear.64 Corrections to the chemical potentials of the cation and anion vacancies at the 

interfaces were made in order to account for the impact of interfacial energy and curvature on the 

defect concentrations.64 This theoretical approach provided insight into passive film breakdown 

and pitting, but experimental confirmation is lacking partially because the quantitative assessment 

of length scale and amplitude of roughening at interface and surface due to morphological 

instabilities has not yet been achieved. Roughening in general is subject to competing mechanisms 

and as such is a significant challenge to unravel.  

Measurements of oxidized and aqueous corroded metal and alloy surfaces have been made, 

and provide information on the surface roughness an example of which is provided in Figure 2–8, 

and numerous examples are included in the chapter VIII.67 Other studies have also monitored the 

morphological changes and roughening of metal and alloy surfaces with AFM.68–71 However, to 

the best of our knowledge AFM has not been applied to understand the nanoscale origins of 

roughening nor the impact of solution chemistry and grain orientation on nanoscale morphological 

changes. Therefore, the details of the oxidation process and passive layer evolution in Cl- solution 
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have been assessed by measuring the roughness of the film as it evolves during growth as a 

function of time and solution. This is achieved with a combination of electrochemical analysis in 

operando and quantitative assessment of surface roughness and oxide film composition ex situ by 

AFM and XPS, respectively. To date, few experiments have been published which offer a direct 

comparison between global and local morphologies and reactions, therefore more work is needed 

to understand the effect of the nanoscale passivation process. 

 

2.5 From Alloy to Oxide: The Experimental Approach 

 

To study the subtleties that govern the initial nucleation and growth of surface oxides 

Scanning Tunneling Microscopy/Spectroscopy is employed to gain insight into the evolution of 

oxide layers on Ni(100), Ni-Cr(100), Ni(111) and Ni-Cr(111) thin-film surfaces as they are 

exposed to O2 under UHV conditions.1,2 The work presented in this dissertation covers 

temperatures of 500 ºC and 600 ºC where the competition between Ni- and Cr-oxide formation is 

significant, and high-quality extended crystalline layers and interfaces are formed. The atomic 

processes that govern the growth of a passive oxide layer are studied, and the oxidation pathway 

of each constituent element is determined. Rigorous statistical treatment of the STS spectra is 

presented and significant electronic heterogeneity is observed within structurally identical regions. 

The I(V) characteristics of each oxide species and the effect of the measurement conditions on 

their electronic structure is also discussed. 

To gain insight into the nucleation and growth of each oxide species, a polycrystalline Ni-

22wt.%Cr alloy sample was oxidized under UHV conditions and studied as a function of time and 

crystallographic orientation in operando with a Spectroscopic Photoelectron and Low Energy 
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Electron Microscope (SPELEEM). The oxidation on (104) and (212) grains was simultaneously 

acquired with 25×25 nm2 resolution by monitoring the XAS Cr-L-edge peak during a cumulative 

65 L O2 exposure at 500 ºC. Furthermore, valence band and core level spectroscopy were used to 

spatially resolve and identify the alloy and oxide chemistry, which displayed significant 

heterogeneities within local regions of the NiO and chromia. These methods are further informed 

by density function theory done by the Árnadóttir Group (Oregon State University) and level-set 

image characterization by the Voorhees group (Northwestern University). 

In an attempt to better understand aqueous corrosion processes, the corrosion of binary Ni-

Cr and ternary Ni-Cr-Mo alloys are also considered under a variety of different electrochemical 

conditions and their surfaces measured ex situ with AFM. The data analysis is informed by in 

operando single-frequency electrochemical impedance spectroscopy (SF-EIS) measurements, 

taken by the Scully group (University of Virginia), on the electrochemically grown passive film in 

either a chloride or sulfate solution as a function of time. This will allow for a detailed assessment 

of the topography, where nanoscale fluctuations between the alloy and the oxide can be measured. 

From this analysis the effect of the processing conditions on the oxide growth and stability can be 

delineated. This combined experimental and theoretical approach has offered greater insight into 

the progression of early-stage oxide growth on Ni-Cr alloys and underscores the dramatic impact 

of alloying on the oxidation process within the pre-Cabrera-Mott regime. 
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Chapter III: Methods 

 

 To capture the subtle changes at the surface during oxidation, a variety of experimental 

surface science techniques centered on scanning probe microscopy (SPM) and photoelectron 

spectroscopy were used. SPM includes an assortment of different methods and allows for the 

lateral measurement of surfaces and their accompanying topography and/or electronic structure. 

Scanning Tunneling Microscopy (STM) and Scanning Tunneling Spectroscopy (STS) are used to 

gather atomic scale information of early-stage oxidation, while Atomic Force Microscopy (AFM) 

is employed to capture both nanoscale and microscale corrosion processes at the surface. A 

selection of photoelectron spectroscopy techniques, specifically X-ray Photoelectron 

Spectroscopy (XPS), X-ray Absorption Spectroscopy (XAS) and Spectroscopic Photoemission 

and Low Energy Electron Microcopy (SPELEEM) are utilized to observe the initial oxidation 

process in operando. The use of all these techniques enabled us to connect these atomic scale and 

microscale oxidation processes, allowing for a deeper understanding of the effect of oxidation and 

corrosion at the surface of Ni-Cr based alloys. 

      

3.1 Scanning Tunneling Microscopy and Spectroscopy 

 

The primary experimental tool used in this dissertation is a scanning tunneling microscope 

(STM). Developed in 1981 by Gerd Binnig and Heinrich Rohrer, who were awarded the Nobel 

Prize in Physics for their work, STM allows for the atomic scale imaging of surfaces and the 

spectral analysis of its local density of states (LDOS) via a mode known as scanning tunneling  
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Figure 3-1. (A) depicts an image of a typical STM tip that is positioned just above a sample surface. (B) 

is a schematic for an STM tip drawing a tunneling current across the barrier region. (C) gives a general 

picture of how the position of the Fermi level, controlled by Vbias, effects the quantum tunneling, 

specifically the decay of the transmission probability, of electrons through the vacuum gap between 

surface and tip. 1  

 

spectroscopy (STS).2–4 Based on the concept of quantum tunneling, STM/STS positions a sharp 

conductive tip, in our case tungsten, near a surface but not yet in electrical contact. The STM is 

commonly operated in what is known as a constant-current topographic mode. In this mode, the 

STM tip is rastered across the surface and a bias voltage (Vbias) of 0.1–5 V is normally applied. A 

tunneling current (It), typically on the order of 0.1–1 nA, arises across the vacuum gap between 

the tip and the surface. A feedback loop then adjusts the height of the STM tip to maintain a 

constant current across the tunneling barrier. This tunneling current is a function of Vbias, the LDOS 

of the surface, and the tip-sample distance. Depending on the polarity of Vbias, the filled or empty 

states of the surface can be probed. Therefore, the current flowing through the tip provides direct 

analysis of the surface’s electronic structure. A schematic of the tunneling process can be seen in 

Figure 3-1. 

The most elegant theoretical depiction of the tunneling process involves the application of 

John Bardeen’s tunneling theory of metal-oxide-metal heterostructures.5 This uses a first-order 

perturbation theory6 and an adapted transfer Hamiltonian approach, i.e. a tunneling Hamiltonian.7–
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9 While this theory was not explicitly designed to solve for the It of an STM, the assumptions and 

methodologies enabled two scientists at Bell Lab, Jerry Tersoff and Donald Hamann, to apply the 

equations and accurately model the STM tunneling current.10 Each of these developments required 

a set of assumptions resulting in a reasonably accurate model of It. The entire set of assumptions 

and their respective mathematical consequences will be briefly summarized in the following 

subsections. Note, for the sake of clarity Bardeen’s theories will be put into the context of a tip 

and sample, despite his model predating the development of the STM by many decades. 

 

3.1.1 Bardeen Tunneling Theory 

During the mid-20th century, electron tunneling between superconductor-oxide-

superconductor heterostructures (oxide thickness ≈ 1.5-2.0 nm) was experimentally confirmed 

and served as the motivation to develop a better theoretical framework to describe the tunneling 

process.11,12 To explain the results it was assumed that the only relevant factor was the density of 

states, and the transition probability for the tunneling of an electron should follow Fermi’s Golden 

Rule.5 Bardeen successfully demonstrated this assumption to be true in the case of electron 

tunneling by accurately breaking down the tunneling system into separate regions, ignoring 

electron-electron interactions and using a time-dependent perturbation theory, similar to one 

developed by Robert Oppenheimer to describe the field ionization of hydrogen.6,8 The salient 

points regarding assumptions tied to these theories are briefly discussed below, however for more 

explicit treatment of these solutions, and detailed discussion on their derivation, the reader is 

directed to the following references.8,9 The primary assumptions tied to the wave functions used 

to understand the tunneling process are,     
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i. the electron tunneling is weak enough to be described with a first order approximation  

ii. the tip and sample states are nearly orthogonal.  

 

These assumptions fall directly out of the perturbation theory applied to a time-dependent electron 

wavefunction, 

 

 𝜓(𝑡) = 𝜓𝑒−𝑖𝑡𝐸  ℏ⁄ + ∑𝑎𝜇(𝑡)𝜙𝜇

𝜇

 3 – 1 

 

where 𝑡 is time, 𝐸 is the initial energy of an electron in the sample, and ℏ Planck’s reduced constant 

and the sum in the second term is over all bound states 𝜙𝜇 of the tip. The symbols 𝜇 and 𝜈 are used 

for the tip and the sample, respectively. The coefficients 𝑎𝜇(𝑡) are then approximated, the electrons 

treated as experiencing a weak electric field. Mathematically this assumption requires all of the 

time dependent coefficients to “remain small” for a few picoseconds.9 The second assumption 

approximates the electron transition probabilities by assuming orthogonality and taking the total 

derivative of the transition probability with respect to time. This leads to an expression for the 

approximate electron transition probability,6,9  

 

 
𝑃 = 

𝑑

𝑑𝑡
∑|𝑎𝜇(𝑡)|

2

𝜇

=
2𝜋

ℏ
𝑀2𝜌𝜇(𝐸) 3 –2 

 

where 𝑀 is a matrix element and 𝜌𝜇(𝐸) the density of states of the tip. This expression is similar 

Fermi’s Golden Rule and effectively describes the behavior of electrons in the sample that tunnel 
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into vacant tip states of comparable energy.9 However, Bardeen needed to explicitly solve for the 

matrix element 𝑀 in order to determine It. 

To this end, Bardeen adopted a many-particle system with what is known as a transfer or 

tunneling Hamiltonian to solve for 𝑀and used Fermi-Dirac statistics to express It. The approach 

invoked another set of assumptions unique to Bardeen’s theory,9 

 

i. the electron-electron interactions can be ignored  

ii. tip and sample occupation probabilities are constant and independent from each other 

iii. there is electrochemical equilibrium between the tip and sample 

  

The consequence of the first assumption falls out of Bardeen’s set up of the tunneling problem, 

where the tunneling electron is independently governed by a single-electron Hamiltonian and the 

tunneling process is broken down into three separate regions with appropriate boundary 

conditions: sample, barrier, and tip. This piecewise approach means the tunneling process is a 

result of a transfer of electrons from the tip to the sample (or vice versa), and the matrix element 

is simplified and written, 

  

 
𝑀(𝜓) =

ℏ2

2𝑚
∫(𝜓𝜈

∗�⃑� 𝜓𝜇 − 𝜓𝜇�⃑� 𝜓𝜈
∗) 𝒅�⃑⃑�  3 – 3 

 

where 𝑚 is mass, 𝜓𝜇 the tip state, 𝜓𝜈 the surface state, and �⃑⃑�  the “surface” between the barrier.   

With the matrix element known, an expression for the transition probability of an electron 

is obtained. Bardeen used the second and third assumptions to express the tunneling current in the 

barrier region.8,9 These assumptions lead to the what is known as the Bardeen tunneling current, 
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𝐼𝑡 =

2𝜋𝑒

ℏ
∑𝑓(𝐸𝜇)[1 − 𝑓(𝐸𝜈 + 𝑒𝑉)]|𝑀(𝜓)|2

𝜈,𝜇

𝛿(𝐸𝜇 − 𝐸𝜈) 3 – 4 

 

where 𝑒 is the charge of an electron, 𝑓(𝐸) the Fermi function, 𝐸𝜈 the energy of 𝜓𝜈 (energy of the 

sample state), 𝐸𝜇 the energy of 𝜓𝜇 (energy of the tip state) and 𝑉 the applied voltage. To actually 

evaluate the current, the sums need to be calculated, which requires the matrix elements M to be 

determined. These can be calculated analytically when additional assumptions regarding the tip 

orbitals are made. 

  

3.1.2 Tersoff-Hamann Model   

After confirmation of STM’s ability to provide atomic resolution using the tunneling 

current measurements by Rohrer and Binning in the early 1980s,2 Jerry Tersoff and Donald 

Hamann proceeded to theoretically describe STM images and capture quantitatively It between the 

STM tip and sample.3 In order to do this, they employed the tunneling Hamiltonian approach and 

adapted the matrix element M introduced by Bardeen.3,5,7,10 To calculate Bardeen’s matrix element, 

Tersoff and Hamann modified solutions to Schrodinger’s equation for both the sample and tip and 

took the limit of small voltages and temperatures (~10 meV and 0 Kelvin). Due to the exponential 

decay of the wave function in the barrier region, only the orbitals localized at the outmost atom 

with respect to the surface was assumed to contribute to tunneling processing. Therefore, a 

spherical-tip approximation was introduced into the wave function, allowing the matrix element 

for an s-wave function to be properly evaluated.10,13 Applying this approximation to the matrix 

element M and integrating over the energy the tunneling current becomes,  
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𝐼𝑡 ∝ ∫ (𝑓(𝐸𝐹) − 𝑓(𝐸𝐹 + 𝑒𝑉))𝜌𝜇(𝐸𝐹 + 𝑒𝑉)𝜌𝜈(𝐸𝐹, 𝑟 0)𝒅𝑬

∞

−∞

 3 – 5 

 

where 𝑓(𝐸𝐹)  is the Fermi function, 𝜌𝜇(𝐸𝐹 + 𝑒𝑉) the density of states of the tip and 𝜌𝜈(𝐸𝐹 , 𝑟 0) the 

density of states of sample. It is worth noting that an extension of the model was provided by Chen 

to include d-wave function contributions to the tip.14 To fully calculate the conductance, Tersoff 

and Hamann wrote an expression for the sample’s DOS at the apex atom on the tip, 

 

 𝜌𝜈(𝐸𝐹, 𝑟 0) = ∑|𝜓𝜈(𝑟 0)|
2𝛿(𝐸𝜈 − 𝐸𝐹)

𝜈

 3 – 6 

 

which represents the local density of states of the sample at 𝑟 0, the center of curvature at the 

outermost tip position. The squared modulus of the sample’s wave function depends on the 

exponential,  |𝜓𝜈(𝑟 0)|
2 ∝ 𝑒𝑥𝑝[−2𝜅(𝑅 +  𝑑)] where 𝜅 is the vacuum decay constant, 𝑅 the tip 

radius and 𝑑 the barrier height. When the shape and DOS of the tip are assumed constant in the 

studied energy range, the energy dependent part of the tunneling current is determined,7 

 

 𝐼𝑡 ∝ 𝑉𝑏𝑖𝑎𝑠𝜌𝜈(𝐸𝐹 , 𝑟 0) 3 – 7 

 

which highlights the tunneling current depends on the barrier distance, bias voltage and the 

sample’s LDOS at the Fermi energy. Therefore, each STM image includes information on the 

topography and the electronic structure of the sample. 
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3.1.3 Scanning Tunneling Spectroscopy    

The I(V) characteristics at the sample surface can be determined by using scanning 

tunneling spectroscopy (STS). In STS mode, the current-feedback loop is switched off in order to 

maintain a constant tip-sample distance. The voltage is then swept across a predetermined range 

(e.g. Vsweep = ±3.0 V) and the current is measured as a function of voltage, producing an I(V) curve. 

The STS can be run in both point spectra and grid spectra modes. Fundamentally both rely on the 

same process, however the point spectra mode takes a single spectrum on the sample surface at a 

specific location, while the grid spectra mode measures the I(V) every 2nd, 3rd, 4th… etc. pixel and 

records an STM topography image (feedback loop on) for all pixels in between the grid array. All 

of the topography images in this body of work are constructed from a 512×512 px2 (pixels squared) 

grid, and the STS grid is partitioned from this larger topography scan grid. An example of a 3×3 

STS grid, where every third pixel is a spectroscopy measurement, is shown in Figure 3-2(A). In 

 

 
Figure 3-2. A representation of the 512×512 px2 grid array (px = pixels) that makes up the STS spectra 

is provided in (A). Examples of both point averaged grid I(V) and dI/dV spectra taken from a WSe2 

surface are shown in (B) and (C), respectively. 



  47 

this example a total of 28,900 spectra are taken over the scan area. This enables the grid STS mode 

to produce a better statistical representation and spatial mapping of the surface’s electronic 

structure. A comparison between the point and average grid spectra is given in Figure 3-2(B)-(C). 

Indeed, most the STS data presented in this thesis were measured over a 3×3 or 4×4 grid and 

spatially resolved to allow topographic feature matching to a corresponding STM image. A 

MATLAB code was developed to handle the processing of grid STS and will be reviewed in 

section 3.9.  

The treatment of our STS data follows the methodology developed by Randall Feenstra.15,16 

Feenstra et. al. improved upon the representation of STS data as LDOS by approximating the tip 

LDOS as a constant, taking the derivative of equation 2.1-5 with respect to voltage, and dividing 

that derivative by I/V.4 In this dissertation, the I(V) curves are numerically differentiated to 

generate dI/dV curves. These spectra are then normalized by I/V to correct for the tip-sample 

distances, allowing the spectra from one part of the sample to be directly compared to another. 

This treatment generates (dI/dV)/(I/V) curves, 

 

 

normalized spectra: 

𝑑𝐼
𝑑𝑉

𝐼
𝑉 + 𝜀

 3 – 8 

 

where 𝜀 is a rational number between 1–10 to avoid the singularity when 𝑉 = 0. This 

normalization procedure is applied to the band gap map, conduction band map, and valence band 

map MATLAB codes discussed in section 3.9. 
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3.2 Atomic Force Microscopy 

 

In 1986, G. Binnig et. al. expanded the concept of STM and introduced a new type of 

microscope called the atomic force microscope (AFM).17 AFM involves rastering a mechanical 

probe, comprising a cantilever and tip, across a surface. The AFM tip interacts with the sample 

surface, where local tip-surfaces forces arise. Bending (and torsion) of the cantilever is initiated 

by the forces acting between tip and sample, whereas torsional motion is attributed to frictional 

forces. The motion of the cantilever in response to the tip-sample forces are monitored in our 

instrument by the reflection of a laser beam from the cantilever, which is measured quantitatively 

by a four-segment photodiode. The lateral and vertical variation in the laser intensity, determined 

by the local tip-surface forces, is then translated into a topography image, which can have a 

resolution ranging from microns to angstroms depending on the AFM tip and measurement mode. 

A general schematic of an AFM is shown in Figure 3-3(A). A review of the different AFM modes 

and their applications can be found in the following references.18,19 

 

 
Figure 3-3. (A) A block diagram20 of how an atomic force microscope measures a sample surface, 

whereby a mechanical tip is rastered across a surface (B)21 and its deflection is measured as a function 

of position with a laser and a photodiode. Tapping mode was used in this dissertation.  
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In this dissertation, the morphology and surface roughness of electrochemically passivated 

Ni-Cr and Ni-Cr-Mo samples were studied. AFM enabled qualitative assessment of a surface’s 

morphological features with the acquisition of 2×2 𝜇𝑚2 to 50×50 𝜇𝑚2 images after passivation. 

Quantitatively, the surface roughness of the samples surfaces was also determined from variations 

in the root mean square (RMS) of local surface areas (Chapter VIII). The RMS data in this study 

were calculated using Gwyddion, an open source software package used for scanning probe 

analysis.22 The data processing is discussed in more detail in subsection 3.9.4. This dissertation 

uses an AFM with NT-MDT Solver Pro to measure the surface morphology of a variety of 

electrochemically corroded Ni-Cr samples. The AFM tip, ETALON HA/NC with a radius of 

curvature less than 10 nm, was kept in tapping mode during imaging, Figure 3-3(B). 

 

3.3 Photoelectron Spectroscopy 

  

Photoelectron spectroscopy relies on the general principles of the photoelectric effect. This 

phenomenon was described by Einstein during his annus mirabilis (miracle year) in 1905,23 in an 

attempt to understand why the energy of emitted photoelectrons depended on the wavelength of 

light and not on the intensity. Using concepts developed by Max Planck,24 Einstein proposed light 

is a collection of discrete wave packets, or photons, with energy ℎ𝑣 (where 𝑣 is the frequency and 

ℎ Plank’s constant). During photoemission, one packet of light is absorbed by one electron and the 

emitted electrons have an energy 𝐸 which depends on the frequency of the light, 

 

 𝐸 = ℎ𝑣 − 𝜙 3 – 9 
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where 𝜙 is a material dependent constant known as the work function. During experiments, 

because the Fermi energies of the sample and the collector are aligned, 𝜙 is the work function of 

the collector, also known as the spectrometer. Specific spectroscopy techniques have since been 

designed that exploit this effect and resolve the kinetic energies of the emitted photoelectrons, 

enabling chemically sensitive measures at a materials surface to take place. A large portion of this 

dissertation relied upon an assortment of spectroscopic techniques that use the photoelectric effect 

to excite electrons from the top layers of the alloy-oxide interface, and these will be discussed in 

the following sections. 

  

3.3.1 X-ray Photoelectron Spectroscopy    

Developed in the mid-1960s by Kai Siegbahn and his group at the University Uppsala,25 

X-ray Photoelectron Spectroscopy (XPS) is a technique that allows the chemical composition and 

electronic structure of surfaces to be measured. XPS measurements are typically made by 

irradiating a sample with low energy (~1.5 keV) X-rays, which triggers photoemission. The 

photoemission process can be described by a three-step model: i) a core electron becomes excited 

by a photon, ii) the photoelectron then travels to the surface and iii) it is then transmitted through 

the surface potential barrier into the vacuum and guided to the detector where its kinetic energy is 

measured.26 A schematic for this process is shown in Figure 3-4(A) and (B). The binding energy 

(𝐸𝑏) of the electron can then be calculated by, 

 

 𝐸𝑏 = ℎ𝑣 − 𝐸𝑘 − 𝜙 3 – 10 
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Figure 3-4. (A) A diagram of an XPS in operation as well as a general schematic for photoemission, 

(B).27 An example of a spectrum taken from a CuInS2 sample is shown in (C), where the different parts 

of the spectrum are labeled.28 

 

where ℎ is Plank’s constant, 𝑣 is the photon frequency (ℎ𝑣 = photon energy), 𝐸𝑘 the kinetic energy 

of the photoelectron and 𝜙 the work function of the spectrometer.  

Each element and respective electron-core level has a characteristic binding energy, which 

leads to distinct peaks in the measured XPS data. Orbital quantum numbers are used to identify 

the respective electron peaks, specifically the principal quantum number 𝑛, the angular momentum 

ℓ and spin angular momentum 𝑗. The spin angular momentum is defined  

 

 𝑗 = 1 + 𝑠 3 – 11 
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where the spin s can either be ½ or -½. Spin-orbit splitting occurs, except when ℓ = 0 (s orbital), 

via coupling between the spin and orbital angular momentums. This causes the p, d, and f orbitals 

to result in two possible states, each with a different binding energy.  

An XPS spectrum is highlighted in Figure 3-4(C), where different characteristics of the 

spectra are labeled. As discussed in the above paragraphs, the primary excitation events yield 

element-specific peaks in the spectrum within the inelastically scattered background of secondary 

electrons. The shifts in the binding energy of the individual core levels are characteristic of small 

fluctuations in the local electron energy levels introduced by chemical bonding. XPS spectrum 

therefore does not only yield information on the elemental composition, but also provides detailed 

chemical information about a material. Auger electrons are due to emission following the 

relaxation of the core-hole following the emission of a photoelectron. The surface sensitivity 

provided by XPS is a consequence of a decrease in the flux of emitted photons via the inelastic 

mean free path (IMFP). The IMFP is a parameter that depends on the material and the 

photoelectron energy and is determined by collisions in which the photoelectron loses energy.28 If 

the kinetic energy loss due to these collisions is sufficient, the photoelectron will contribute to the 

background rather than its characteristic peak. The photon energy and angle of the incident X-rays 

will also affect the escape probabilities28 and most of the signal produced from the Ni-Cr alloys 

comes from the first ~10 nm of the surface. 

 

3.3.2 Valence Band Spectroscopy    

 As XPS is a reflection of a material’s band structure, the photoelectrons with lower binding 

energies near the Fermi energy come from occupied valence band states. Generally speaking, the 
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valence band (VB) spectrum is the density of states, and in the work described in this thesis, the 

VB measurements are averaged over angle (and hence momentum) and do not offer detailed 

information about the band structure itself. The valence band spectra allow for distinction between 

the insulating oxide and conductive alloy substrate. 28 Quantum chemical theories (e.g. DFT) are 

often used in conjunction with VB measurements to aid in their interpretation, as the valence band 

spectra reflect the density of states modulated by the excitation cross section from the different 

bands. In this dissertation, valence band measurements were made on polycrystalline Ni-22wt.%Cr 

sample, and were spatially resolved between grains using an SPELEEM. Each measurement was 

made across the sample surface, and the grey-scale image corresponded to a specific energy slice 

across the valence band. More details on this specific measurement are provided in section 3.4.  

 

3.3.3 X-ray absorption Spectroscopy    

X-ray absorption spectroscopy (XAS) is a valuable technique used to determine a variety 

of different material characteristics such as the local geometric and electronic structure of the 

atoms in the sample. XAS is typically used at a beamline or synchrotron radiation facility, where 

tunable X-rays are provided and directed at the sample surface. These X-rays are absorbed by the 

atoms in the sample, and a core electron is promoted to an unoccupied level and measured by the 

detector. XAS can be broken down into two different ranges, Near Edge X-ray Absorption Fine 

Structure (NEXAFS or XANES – X-ray absorption near edge structure) and the Extended X-ray 

Absorption Fine Structure (EXAFS).29–31 Different physical phenomena are visible in each specific 

energy range with respect to the absorption edge, such as the bonding symmetry, valency, nearest 

neighbor type and local geometric structure of a material.32 In this dissertation NEXAFS was used 

to study the surface chemistry of Ni-Cr alloys during oxidation. Specifically, NEXAFS is 
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integrated in the XPEEM experiments described below and afforded information on the 

progression of the oxidation reaction in operando.  

XAS can measure the intensity of the electrons ejected from an absorption event as a 

function of energy and has a penetration depth of approximately 40 nm depending on measurement 

geometry. Generally, X-ray absorption is a process that obeys the Lambert-Beer law, 

 

 𝐼 = 𝐼0𝑒
−𝜇𝐿 3 – 12 

 

where 𝐼 = transmitted light, 𝐼0 = the incident light, 𝜇 = absorption coefficient and 𝐿 = sample 

thickness.33 An approximation for the absorption coefficient is made and the relationship between 

the material and the absorption process is written as,  

 

 
𝜇 ≅

𝜌𝑍4

𝐴𝐸3⁄  3 – 13 

 

where 𝜌 is the sample density, 𝑍 the atomic number, 𝐴 the atomic mass and 𝐸 the X-ray energy. 

The numerator dominates the absorption coefficient therefore, the absorption of X-rays is heavily 

dependent on the material. Indeed, while equation 3 – 13 gives a simplified view of this 

dependence it is sensible to give an overview of the physics of the absorption event and how it 

affects the XAS spectra.      

During XAS operation an incoming X-ray is absorbed by the sample’s atoms, and a core 

electron is knocked out of its orbital, which is filled after a few femtoseconds by an electron from 

a higher energy state. Since the incident X-ray energy is larger than the binding energy of the core 

electron there is a sharp increase in absorption called the absorption threshold (or edge), Figure 3- 
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Figure 3-5. (A) The diagram of the ejected photoelectron and how scattering causes oscillations in the 

absorption coefficient.34 (B) The absorption spectrum of MnO2 taken at the Mn K-edge.34 Each part of 

the spectrum around the absorption threshold is labeled, pre-edge (red), edge (purple), and near-edge 

(green). 

 

5(A). The absorption edge is characteristic of the material and the electron core orbital level and 

is characterized by a sharp rise (or discontinuity) in the linear absorption coefficient of a specific 

element, where the energy of the photon corresponds to the specific energy (𝐸𝑏) of an electron 

shell of that element.34,35 Once the electron is kicked out, it leaves behind a core-hole which 

interacts with the photoelectron. As the photoelectron propagates through the surrounding material 

it can undergo scattering events from other electrons, grain boundaries, defects, etc. that will result 

in the attenuation of its energy. Eventually the photoelectron will make its way near the surface 

and exists in a final state 𝜓𝑓 with some kinetic energy, where the absorption intensity is measured 

as a function of the photon energy, Figure 3-5(B).  

These processes will cause oscillations in 𝜇(𝐸), which manifest as resonant scattering 

peaks in the spectra and cause changes the kinetic energy and final state of the photoelectron.33,34 

The contribution to the XAS absorption coefficient is then determined mathematically by the initial 

and final states of the system using Fermi’s golden rule,36 
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 𝜇(𝐸) =
4𝜋𝑛𝛼

𝜔
∑|⟨𝜓𝑓|𝒆 ∙ �̂�|𝜓𝑖⟩|

2

𝑓

𝛿(ℏ𝜔 + 𝐸𝑖 − 𝐸𝑓) 3 – 14 

 

where 𝑛 = 𝑁/𝑉 is the atomic number density, 𝛼 the fine-structure constant, |⟨𝜓𝑓|𝒆 ∙ �̂�|𝜓𝑖⟩| the X-

ray coupled dipole approximation, ℏ𝜔 + 𝐸𝑖  the photoelectron energy, and 𝐸𝑓 the final states 

energy. The initial state can be solved using something like Density functional theory (DFT), 

whereas the final state must consider a state with a core-hole and excited electron.33 This is where 

multiple scattering theory comes into play, and an adapted version of Schrödinger’s equation is 

evaluated,36 

 

 
𝐻𝜓𝑓 = [

𝑝2

2𝑚
+ 𝑉𝑐𝑜𝑢𝑙 + Σ(𝐸)]𝜓𝑓 = 𝐸𝜓𝑓 3 – 15 

 

where 𝐻 = Hamiltonian, 𝑉𝑐𝑜𝑢𝑙  = final state coulomb potential (in the presence of the screened 

core-hole potential) and Σ(𝐸) = photoelectron self-energy in the quasi particle approximation.37 

The peak positions and their shape come from the final state coulombic potential, which accounts 

for both the inelastic losses (final-state broadening) and systematic shifts in peak positions. 

 

3.4 Spectroscopic Photoemission & Low Energy Electron 

Microscopy 

 

The Spectroscopic Photoemission and Low Energy Electron Microscope (SPELEEM) is a 

unique microscopy technique that allows for the investigation of surfaces at the micrometer to 
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nanometer scale and combines X-ray photoemission electron microscopy (XPEEM), low energy 

electron microscopy (LEEM) and low energy electron microscopy (LEED).38,39 XPEEM is a 

chemically sensitive technique based on the photoelectron spectroscopic techniques of XAS and 

XPS. Used at synchrotron radiation sources, the energy-filtered imaging of the spectroscopic 

PEEM allows measurement of both the core and valence electrons of a sample and enables the 

direct spatially resolved imaging of the surface with chemical contrast. When these methods are 

combined with LEEM and LEED, the multi-method approach of SPELEEM supports the 

measurement of structural and chemical shifts in operando, making it highly useful for studying 

the oxidation of alloy surfaces.  

The instrument used in this dissertation is located at the MAX IV facility in Lund, Sweden 

and the experimental station is shown in Figure 3-6(A). The experimental set-up at the MAXPEEM 

lab has two parts.38 The first station facilitates the measurement of both X-ray photoemission and 

X-ray absorption spectroscopies, which are collected by a hemispherical electron analyzer.  

 

 
Figure 3-6. (A) The experimental station of the SPELEEM at the MAX IV lab in Lund, Sweden where 

1 is the prep chamber, 2 the main chamber, 3 and 4 beam separators, 5 an AC mirror, 6 energy analyzer, 

7 MCP detector, 8 UV-lamp, and 9 electron gun.40 (B) is an XAS image in operando of a Ni-22%Cr 

sample surface by monitoring the Cr L edge during oxidation. A complete XAS spectra (C) is then taken, 

where the spectra are spatially resolved and matched to the image’s features. In this example, the chromia 

appear as bright spots, whereas the background represents the underlying alloy. 
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Downstream from this analyzer is an experimental station that enables three operation 

modes using X-rays: i) energy filter imaging, ii) energy filtered micro-diffraction, and iii) micro-

XPS or dispersive plane imaging.38 The SPELEEM at the MAX-IV has a range of view of up to 

~100 μm, with a resolution as small as 25 nm, and can monitor real-time dynamic processes up to 

that resolution. Given these resolutions, the emission and absorption spectroscopy measurements 

are often referred to as 𝜇-XPS and 𝜇-XAS and energy filter imaging can be achieved in both 

modes. A brief overview of XPEEM, LEED and Mirror Electron Microscopy (MEM) will be given 

in the sections below, as well as examples of the data produced. 

 

3.4.1 XPEEM  

 X-ray photoemission electron microscopy uses energy-filtered imaging to monitor the 

active evolution of surfaces and interfaces during experiments with either 𝜇-XPS or 𝜇-XAS. In 

either mode, X-rays are used to excite core-electrons from the sample, which leave the surface 

with a specific kinetic energy that is selected by the hemispherical energy analyzer to form the 

XPEEM image, Figure 3-6(B). The kinetic energy of the electron can be varied, allowing the 

chemical states of a specific element within the material to be probed and utilized for 

elemental/chemical mapping.40 This mode was used to monitor the evolution of the Ni-22wt.%Cr 

surface during oxygen exposure in operando, where the electrons from the Cr2O3 peak at Eslice = 

577.5 eV were filtered from the 𝜇-XAS. After each oxidation step the full XAS spectrum, Figure 

3-6(C), was taken to allow feature matching with the corresponding XPEEM images. The XPEEM 

image filtering was also done with the 𝜇-XPS in the valence band regime.  
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3.4.2 Low Energy Electro Diffraction (LEED) 

 Low Energy Electron Diffraction (LEED) is used for determining the crystal orientation of 

surface structures and its first uses traces back to the Davisson-Germer experiment which 

demonstrated the wave nature of electrons.41 LEED measurements are made by directing a beam 

of low energy electrons (on the order of 10-102 eV) normal to the sample. The electrons undergo 

Bragg diffraction where the elastically-scattered electrons contribute to a diffraction pattern and 

are measured by a detector, whilst the secondary electrons are filtered. The diffraction pattern, as 

a 2D representation of the reciprocal space of the surface, can be used to construct the real space 

image of the crystal surface. At the MAXPEEM lab, the LEED spot area can be as small as 250 

nm, so diffraction patterns were taken in grains of interest on a polycrystalline Ni-22wt.%Cr 

sample and the relative orientation of each grain determined.   

 

3.4.3 Mirror Electron Microscopy (MEM) 

 Images of the surface can be taken by using Mirror Electron Microscopy (MEM). A 

primary beam of electrons is directed at the sample surface and because the sample is held at a 

more negative potential than the electron source, the electrons are reflected away from the surface. 

The electrons get close enough to respond to the local field distribution just above the surface and 

are subsequently collected to show an MEM image.40 These electrons make up an image, where 

the contrast is determined by the “field distribution” above the surface. The surface topography 

and the charge distribution at the surface contribute to the field distribution.40 While the images 

are not a direct representation of a sample surface’s topography, they do relay information that can 

enable feature matching when other techniques are used. In this dissertation, MEM was used to 

locate the grains and grain boundaries on a Ni-22wt.%Cr sample prior to oxidation. 
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3.5 Density Functional Theory 

 

In collaboration with the Árnadóttir group at Oregon State University, the VB 

measurements conducted in the XPEEM microscope were analyzed using a first-principles density 

functional theory (DFT) approach. DFT is a state-of-the-art technique that enables users to 

calculate the electronic and geometric structure of many body systems. The cornerstone of DFT is 

the application of the Hohenberg-Kohn and Kohn-Sham theorems.42,43 Pierre Hohenberg and 

Walter Kohn expanded the Hartree-Fock method in the spring of 1965 to more accurately account 

for the electronic nature of many particle systems.42,44,45 Their work utilized functionals, which 

represent the spatially dependent density of electrons in a system. A year after the Hohenberg-

Kohn paper was published; Kohn collaborated with Lu Sham to produce a scheme that allowed 

for the indirect minimization of the energy of a many electron system, otherwise known as the 

exact energy functional.43,44 This allowed the energy to be minimalized with respect to electron 

density and yielded an adapted version of the many-body Schrodinger equation, 

 

 
[−

1

2
∇𝑖
2 + 𝑣𝑒𝑥𝑡(𝑟 ) + 𝑣𝐻(𝑟 ) + 𝑣𝑥𝑐(𝑟 )] Ψ𝑖(𝑟 ) = 𝐸Ψ𝑖(𝑟 ) 3 – 16 

 

where 𝑣𝑒𝑥𝑡 is the static ionic potential of the nuclei, 𝑣𝐻 is the Hartree potential, and 𝑣𝑥𝑐  is the 

exchange-correlation potential.42,43,45–50 This equation is known as the Kohn-Sham equation and is 

at the center of modern DFT.   

As it pertains to this proposal, energy calculations of the ground state geometry, electronic 
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structure, and transition states will be carried out using a first principles density functional 

approach carried out using the Vienna Ab initio Simulation Package (VASP). The Kohn-Sham 

equations were solved with a plane-wave basis set and core electrons were described using the 

projector augmented wave (PAW) method.  Electron exchange and correlation were described 

within the Perdew-Burke Ernzerhof (PBE) generalized gradient approximation (GGA). Spin 

polarization was used for all calculations, and the cutoff energy for the plane wave basis set was 

400 eV. The calculated Cr and Ni lattice constant was 2.82 Å and 3.52 Å. The Cr (104) surface 

was represented by a 16 atomic layer slab using a (3×2) unit cell, which is 192 atoms. The Cr (212) 

surface was represented by a 16 atomic layer slab using a (6×2) unit cell, which is 384 atoms.  The 

Ni (104) surface was represented by a 20 atomic layer slab using a (2×2) unit cell, which is 320 

atoms. The Ni (212) surface was represented by a 16 atomic layer slab using a (2×2) unit cell, 

which is 256 atoms. For Cr (104) and Cr (212), the six bottom layers were fixed, and remaining 

top layers were relaxed. For Ni (104) and Ni (212), the six bottom layers were fixed, and remaining 

top layers were relaxed. A total vacuum distance of 10 Å was used to separate the surface from its 

periodic slab in the direction along the surface normal. The convergence criteria for the maximum 

residual force for the geometry optimization is 0.03 eV/Å. A Monkhorst−Pack grid of 9 × 9 × 1 k-

points was used for the density of states (DOS) calculations. The magnetic moment was included 

for all calculations. 

 

3.6 Electrochemical Techniques 

 

In collaboration with the Scully Group at UVA, two complementary electrochemical 

techniques were employed to measure film growth in operando: Single Frequency Electrochemical 
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Impedance Spectroscopy (SF-EIS) and Inductively Coupled Plasma Mass Spectrometry (ICP-

MS). SF-EIS is used to monitor passive film growth by measuring variations in the imaginary 

impedance across the film. This is accomplished by superimposing an AC signal onto a constant 

applied DC potential (potentiostatic case) or current density (galvanostatic case), resulting in 

global measurements of the film growth. Specifically, the oxide thickness and oxidation current 

density are determined by using a constant phase element fit.51 ICP-MS uses a polychromatic 

spectrometer combined with a plasma source to evaluate an electrolyte stream during film growth. 

From the electrolyte stream, the concentration and the related element-specific metal dissolution 

current density and is determined from the emission wavelength intensity, where each element has 

a unique wavelength. Information about the growth of the film (iox) is calculated by subtracting the 

sum of the dissolution rate from the total electrochemical current.51 For the passivation 

experiments outlined in this dissertation the electrochemical cell used was a typical three-electrode 

flat cell with a Pt mesh counter electrode and a corresponding reference electrode [saturated 

calomel electrode (SCE) for the chloride experiments and mercury-mercury sulfate electrode 

(MMSE, +0.41 V vs SCE) for the sulfate experiments]. The quiescent solutions were deaerated 

using ultra-high purity N2 gas throughout experimentation. A Gamry Reference 600 potentiostat 

was utilized for dc and ac tests.  

 

3.7 Scanning Electron Microscopy 

 

Scanning Electron Microscopy (SEM) uses a focused primary electron beam to raster across 

a sample, where inelastic (or elastic) collisions with the sample’s electrons occur and generate 

secondary (or backscatter) electrons. The secondary electrons leave the surface of the sample and 
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are collected by a detector which generates a signal. A high-resolution image of the sample 

morphology is constructed from the variations in the signal intensity. Another consequence of the 

inelastic collisions is the production of core-holes. Once a core-hole is generated, higher energy 

electrons recombine with it and during the electron-hole recombination transition an x-ray is 

emitted. These x-rays have energies that are characteristic of the element they come from, therefore 

energy dispersive x-ray spectroscopy (EDS) is often used in conjunction with SEM to provide 

chemical analysis of the sample. This mode allows quantitative analysis of the sample’s 

composition and was used to confirm the composition of our alloy thin films (subsection 3.8.1).  

Backscattered electrons are generated from the elastic collisions that occur between the 

primary electron beam and the sample. When the primary electrons are accelerated at the surface, 

they can be diffracted by the atomic layers in the material. This behavior enables the SEM to 

provide detailed information about the material’s microstructure and is called electron backscatter 

diffraction (EBSD). Specifically, the diffracted electrons exit the sample and are detected by a 

phosphor screen within the SEM chamber which generates a projection of the lattice geometry via 

visible lines called Kikuchi bands.52 These bands are then processed by the SEM software and a 

spatial “crystallographic map” is projected over the imaged area. To this end, EBSD was used to 

determine the crystallographic orientation of our polycrystalline bulk Ni-22wt.%Cr alloy surface 

(subsection 3.8.2). 
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3.8 Sample Preparation 

 

3.8.1 Thin Film Deposition 

Polished MgO(100) and MgO(111) single crystals are used as substrates for Ni-Cr thin 

film growth.53 This approach allowed for the growth of alloy thin films with wide terraces and 

atomically flat surfaces. Before deposition, these MgO substrates are annealed and etched with 

acid to prepare the smoothest surface possible. First, the substrate is etched with 85% phosphoric 

acid for 30 s and then rinsed in two 30 s baths of deionized water to remove the residual acid. The 

substrate is then annealed in air in a box furnace at 1200 °C for 5 hr to remove defects and further 

smooth the surface. Following this step, Ca spires are usually found at the surface, which are 

removed with a  second 30 s acid etch. The substrates are then annealed in air at 1000 °C for 8 

hours. At this stage, AFM is used to check the surface morphology of the samples. If the surface 

does not appear smooth enough or if there are residual surface defects, a third anneal and/or acid 

etch is performed. After the MgO surface is comprised of wide terraces and monatomic steps, the 

substrate is mounted on a sample plate and is introduced into the UHV chamber for an overnight 

anneal at 200 °C to remove hydrocarbons and water. A more detailed explanation of the 

pretreatment is outlined in the following publication.53 

The metallic thin films are then deposited on the MgO(100) and MgO(111) single crystal 

substrates by electron beam evaporation. Ni (Alfa Aesar 99.999% purity) and Cr (American 

Elements, 99.95% purity) were deposited using a Mantis EV mini e-beam quad-source. The 

deposition rates of Ni and Cr were measured using a quartz crystal monitor to accurately adjust 

the film composition. The deposition of the Ni(100), Ni−8wt.%Cr(100), Ni−12wt.%Cr(100), 

Ni−15wt.%Cr(100), Ni(111) and Ni−18wt.%Cr(111) thin films followed the procedure developed 
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previously.53 The composition of the Ni−Cr thin films was verified ex situ, after experimentation, 

by EDS with a Quanta LV650 SEM. Oxygen was introduced through a sapphire leak valve, and 

all oxidation experiments were performed at 500 °C to form a crystalline oxide layer. All Ni and 

Ni-Cr surfaces were imaged immediately after deposition, and then after each oxidation and 

annealing steps. STM experiments were concluded within 48 hours of sample preparation to avoid 

deleterious reactions on the sample surface. 

 

3.8.2 Polycrystalline Bulk Sample Preparation 

The polycrystalline Ni-11wt.%Cr, Ni-11wt.%Cr-6wt%Mo and Ni-22wt.%Cr samples used 

in this dissertation were fabricated at The University of Wisconsin, Madison by the Perepezko 

group. High purity Ni, Cr and Mo were arc-melted in an inert gas, where several melt-solidification 

steps were used to achieve homogeneity of the alloy components. The alloys were then cast and 

rolled to attain a uniform sample thickness. To obtain large grain sizes (100-1000 μm), the samples 

were further heat treated at UVA in air in a box furnace. The Ni-11wt.%Cr and Ni-11wt.%Cr-

6wt%Mo samples were annealed at 1100 oC for 96 hr UVA, and the Ni-22wt.%Cr sample was 

annealed at 1150 oC for 150 hr. Both 11wt.%Cr samples were mechanically polished to 1 μm and 

metallographic indents were made to mark the area of interest for in situ electrochemical exposure 

and ex situ AFM analysis. The Ni-22wt.%Cr sample was polished to 0.1 μm, enabling the 

crystallographic mapping of the surface with EBSD. 
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3.9 Data Processing 

 

3.9.1 Spectroscopy Data and MATLAB codes 

Once a grid STS measurement is made (subsection 3.1.3), the files generated by the STM 

software MATRIX are formatted by Scienta Omicron’s Vernissage software and then organized 

and exported as text files by WSxM.54 The .txt files contain the X position, Y position, voltage and 

current of each point across the grid. The rows and columns of the .txt files are then formatted into 

spatial maps, reflecting the surface’s local electronic structure, using a MATLAB code written by 

a previous Reinke group member, Dr. Ehsan Monazami. This code has been developed further to 

satisfy the needs of this dissertation, and the subsections 3.9.2 and 3.9.3 will discuss the approaches 

used to generate density of states (DOS), conduction band minimum (CBM), valence band 

maximum (VBM) and band gap maps. 

 

3.9.2 DOS and Band gap maps 

The data from the STS measurements are formatted into DOS and band gap maps using a 

MATLAB code, which organizes each I(V) curve into an array across a 2D color plane, matching 

them to the sample surface’s X-Y position. The ordered spectra are then numerically 

differentiating by MATLAB to generate dI/dV curves. These were then normalized by I/V and 

expressed as (dI/dV)/(I/V) curves following the procedure described by Feenstra et al. (subsection 

3.1.3).15,16 Once normalized, the band gap of each curve is numerically determined by calculating 

the region where (dI/dV)/(I/V) is smaller than a threshold value, i.e. where the DOS is very close 

to zero. An example of this is shown in Figure 3-7(A). The (dI/dV)/(I/V) spectra and their 

corresponding band gap values are then displayed as spatially resolved DOS maps and band gap  



  67 

 

 
Figure 3-7. (A) Schematic representation of an STS curve and numerical determination of the 

band gap in the MATLAB code.55 Two different methods were applied to calculate the band 

gap, the conduction band minimum (CBM) and valence band maximum (VBM). The threshold 

value used to determine DOS = 0 was chosen to best reflect the tangent method, outlined with 

the red markers in (A). The numerical representation an STS curve and the scheme used to 

determine the CBM and VBM values is highlighted in (B). These values are then spatially 

mapped to reflect the topography images as shown in (C) and (D). The topography (Vbias = -1.0 

V, It = 100 pA) and the corresponding maps are each 8×8 nm2.  

 

maps, respectively, which allows for a direct comparison between topography and electronic 

structure. An example of one of these maps and accompanying topography images can be seen in 

Figure 3-7(C)-(D) and was taken from a defective WSe2 surface after annealing.56   
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3.9.3 Conduction and Valence band maps 

 Additional routines have been developed to extract the conduction band minimum (CBM) 

and valence band maximum (VBM) values from the spectroscopy maps. After the I(V) spectra are 

differentiated and normalized, a threshold cutoff value is used to determine if a tunneling current 

can or cannot be reliably measured for each spectrum, i.e. is the DOS greater than or less than zero. 

Boolean logic is then used to assign 1’s where the DOS is greater than the cutoff or 0’s to where 

it is less than. The Boolean array is then paired with the corresponding energy values of the 

spectrum and a subroutine is used to define a “consistent rise” in tunneling current, i.e. when the 

current is continuously > 0, which marks the band edge in the DOS. This subroutine was chosen 

to mitigate the impact of noise or random fluctuations in current that can sometimes occur around 

the band edges.  

The results of this step are then manually compared with the characteristics of the spectra, 

where a tangent method is used as a “sanity check” to determine the band edges. A cutoff value is 

then chosen to match the edges of the bands determined by the tangent method, Figure 3-7(A). 

The band edges now defined, the minimum value of the conduction array and the maximum value 

of the valence array are then selected by the code, Figure 3-7(B). The CBM and VBM values can 

also be spatially resolved across the STS grid, allowing for the construction of CBM and VBM 

maps. Additional subroutines were also implemented into this code to mark and remove spectra 

that showed no consistent rise in DOS, i.e. noisy spectra or spectra that deviated within the 

detection limit of our instrument. 
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3.9.4 Topographical Data Processing using Gwyddion and MATLAB 

Prior to display and analysis of the STM and AFM topography images, each surface was 

leveled by mean plane subtraction and planarization. The use of these corrections is illustrated in 

the Figure 3-8(A), and only values not skewed by image processing are used in the subsequent 

analysis of step heights and other geometric features. The plots in Figure 3-8(B) show an example 

of the different correction methods in Gwyddion used to establish the most appropriate measure 

of apparent step height between the 1st layer and NiO (Chapter IV). To improve the overall visual 

quality of the images and accuracy of the measurements, the reported values in this dissertation 

were taken after plane leveling and feature matching were employed (as marked by the level and 

match line in Figure 3-8). For the plane leveling: points used for leveling are identified on the 

image, a plane between points is generated and subtracted from the all the data. This is effectively  

 

 
Figure 3-8. (A) STM topography of an oxidized Ni-12%Cr(100) sample and (B) the measured step 

height of 1st - Layer-NiO at -3.0 V and 0.1 nA, where the different image processing features are 

highlighted. (C) An example of the segmented oxide island data taken from an electrochemically exposed 

Ni22%Cr surface. Conditions for the marking code were based on what yielded the most consistent data 

for a particular image set. Points, indicated by the red box, that were not representative of the images 

were manually removed. 
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used to balance and equalize the corners of the image. For the feature matching: A representative 

height for each scan line (along the horizontal direction) is found and is subtracted from the 

background. As seen by the line profiles, no significant changes in the apparent step heights were 

observed after processing. Significant deviations where observed if line scans were taken over 

large portions of the image, but as shown above smaller and more localized scans were used in the 

collection of data. 

A MATLAB code implementing routines for grey-scale segmentation was also used to 

analyze some of the surface features and is highlighted in Figure 3-8(C). The images shown in the 

aforementioned figure are of an electrochemically corroded Ni-Cr sample surface measured with 

AFM (Chapter VIII). Consistent masking procedures were used and any obvious over or under 

estimation of an oxide area was removed from the data set. The images in Figure 3-8(C) represent 

the greyscale segmentation process that was applied to an AFM image to obtain the area coverage 

of the oxide. The segmentation was done via the total image height, darker pixels representing the 

local minimum height and lighter pixels the local maximum height.  To best match the topography 

of the line scans a cutoff was used to define the islands. This value was used to best match the true 

apparent height of the surface features with the segmented areas determined by the code. 
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Chapter IV: Understanding the Early Stages 

of Oxidation on Ni-Cr(100) Alloys Surfaces 

 

      

4.1 Technical Background 

 

The complex processes that govern the reactions of molecular oxygen and corrosive 

solutions with transition metal alloys are of high technical relevance and have garnered significant 

interest for many decades.1–9 The economic cost of materials breakdown due to corrosion and 

oxidation is staggering, and hence corrosion resistance is an important design parameter for 

technical alloys. The study of corrosion processes, including dry as well as aqueous corrosion 

reactions, is motivated by the need to reduce the overall economic burden incurred by materials 

degradation.  A large body of work exists on performance, passivation and break-down of the 

oxide layers, but attention has turned only recently to the initial steps in alloy oxidation and, most 

importantly, formation of the alloy-oxide interface.1,7,9–11 These initial reactions bias the continued 

growth of the protective oxide scale and therefore critically influence its passivity and 

performance. A mechanistic understanding of initial reactions steps and the formation of the alloy-

oxide interface is therefore indispensable to future alloy design.  

The initial reaction steps are complex, and synergistic interactions between the alloying 

elements and oxygen are at the heart of understanding the alloy-to-oxide transformation. Our work 

targets Ni-Cr alloys, which possess excellent mechanical properties and high degree of corrosion 

resistance, and have practical application in an array of industrial and military systems. The 
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structure and composition of the oxide layer, which includes Ni and Cr-oxides, is highly sensitive 

to composition, temperature, and crystallographic orientation.12 A deeper understanding of the 

relationship between initial oxide formation, oxide growth and properties, is therefore important 

to engineer passive layers and future alloys.  

To study the subtleties that govern the initial nucleation and growth of surface oxides 

Scanning Tunneling Microscopy/Spectroscopy (STM/STS) is employed to gain insight into the 

evolution of oxide layers on Ni(100) and Ni-Cr(100) thin-film surfaces as they are exposed to 

O2.
1,2 The work presented in this manuscript covers temperatures of 500 ºC and 600 ºC where the 

competition between Ni- and Cr-oxide formation is significant, and high-quality extended 

crystalline layers and interfaces are formed. In contrast, recent work modeled the oxidation of Ni-

Cr(100) at 300 ºC, a relatively low temperature where Cr-supply from the bulk is severely limited, 

and short range surface diffusion controls oxidation.11  

Cabrera-Mott and Wagner’s theory are models that are frequently used as the basis to 

describe the growth of oxide layers, and are suitable to understand the growth kinetics of oxide 

layers across different length scales.1,16–18 Cabrera-Mott theory is applied to describe the growth 

kinetics of oxide layers that range from about 1 - 10 nm in thickness. The growth of the oxide film 

is dominated by ion transport through the layer, which is driven by the electric field between the 

oxide-metal and gas phase/adsorbate-oxide interfaces. This interaction controls oxide growth until 

a limiting thickness is reached and the electric field is diminished.1,16,18 Once the oxide reaches 

this limiting thickness Wagner’s theory, which assumes a net charge neutral diffusion of ions and 

a field arising via ambipolar diffusion through the oxide, is suited to understand the growth rate.19 

Both of these models assume that film growth is planar and homogenous across the surface, 

however the initial stages of growth before a complete oxide layer is formed are not fully 
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understood. To this end, the present study specifically considers the transition from alloy to oxide 

during a growth regime prior to the Cabrera-Mott regime tentatively termed the “pre-Cabrera-Mott 

regime”, by capturing the initial stages of Ni(100) and Ni-Cr(100) thin-film oxidation. Our report 

aims to gain a better understanding of the oxidation pathways for Ni(100), Ni-8wt.%Cr(100), and 

Ni-12wt.%Cr(100) at temperatures of 500-600 ºC, and the formation of the alloy-oxide interface. 

The oxidation of Ni-Cr alloys is governed by the competing formation of NiO, Cr2O3, and 

mixed oxides such as NiCr2O4. Temperature, alloy composition, crystallographic orientation, and 

partial pressure of oxygen all influence the reaction pathways and consequently the oxide 

products.1,6,7,20–25 In general, the oxidation of Ni-Cr below 700 ºC, and for alloys with less than 

20wt.% Cr begins with the formation of NiO, which is generally attributed to the lower activation 

barrier for nucleation on a cube-on-cube epitaxy for the rock-salt structure. NiO therefore 

dominates the initial oxide layer and Cr2O3 subsequently forms at the alloy-oxide interface by 

internal oxidation. 1–3,26 A consequence of this reaction sequence is a layered oxide structure. A 

limited supply of Cr in the Cr-poorer alloys impedes the formation of a continuous Cr2O3 layer 

thus diminishing the oxide’s protective function.  

 In this work we use Ni(100) and Ni-Cr(100) alloy surfaces as model systems. The oxidation 

of Ni(100) itself is a rather peculiar process: dissociative chemisorption of O2 leads to the 

formation of p(2 2)O and then c(2 2)O reconstructions which are followed at room temperature 

by the nucleation of oxide at the step edges.27–31 However, at elevated temperatures the formation 

of NiO is delayed and increasingly large oxygen exposures are required for its nucleation. 

Following the work by Kopatzki et al.27  the incubation period can be attributed to the loss of 

preferential nucleation sites at the step edges due to faceting into {100} segments, which is driven 

by the reconstruction and achieved by the increased ad-atom mobility at higher temperatures. The 
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NiO nucleation on Ni(100) relies on the availability of step edge nucleation sites, while nucleation 

on the terrace is suppressed. As a consequence, the Ni(100) surface requires  relatively large doses 

of O2 to initiate oxide formation.27–29,32  

The oxidation of Cr(100) progresses via a Cr(100)–c(24)O chemisorbed structure followed by 

the formation of Cr2O3 when the Cr surface is oxidized and subsequently annealed.33–37 Oxidation 

of Cr(100) at room temperature starts with the formation of p(11)O ad-layers, where the O-atoms 

are incorporated into in the four fold-site on the Cr(100) bcc lattice. This ad-layer is accompanied 

by small domains of a (√5 × √5)𝑅27° sub-surface vacancy structure showing at most short range 

ordering of vacancies and not the long-range ordering of missing row reconstructions.37 The 

p(11)O surface is structurally identical to a single layer of CrO, a surface stabilized oxide with 

NaCl structure where the O-atoms are fully integrated in the top metal layer.  It is still unclear how 

the transformation from the CrO layer into the Cr2O3 oxide is achieved at the atomic scale. In 

contrast, Cr-atoms in Ni-Cr are embedded in an fcc bonding environment further complicating 

comparisons to the pure elements. The different reaction pathways between Ni(100) and Cr(100) 

surfaces raises the expectation that alloying results in a unique oxidation process that differs from 

the pure metals. 

 In a recent study we followed the initial steps in the oxidation of a Ni-5wt.%Cr(100) thin 

film at temperatures of 300 oC, which is in the regime of very limited bulk Cr-diffusivity.11 This 

is a relatively low temperature for Ni-Cr oxidation and, in contrast to the present study performed 

at 500 ºC and 600 ºC, did not yield a high-quality crystalline oxide layer. The oxide islands grew 

to a critical height, propagated laterally and eventually formed a near complete oxide layer. The 

initial growth of the surface oxide islands was shown to be controlled by short-range oxygen 
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diffusion and was modeled using a screening length of only a few nanometers, which suggests that 

growth and coalescence are localized to the edge of the oxide island.  

The work presented here focuses on the comparison between Ni(100), Ni-8wt.%Cr(100), 

and Ni-12wt.%Cr(100) oxidation at 500 ºC using Ni-Cr(100) thin films grown under ultra-high 

vacuum conditions on MgO(100).38 These alloy compositions and oxidation conditions favor NiO 

formation, and enable us to isolate the impact of Cr on the surface reactions within the pre-Cabrera-

Mott regime. The evolution of surface oxides, and the alloy–oxide interface is measured using 

STM and STS, which deliver the geometric and electronic structure of the surface. We present a 

detailed analysis of the NiO-alloy interface, the evolution of surface oxides on Ni-Cr(100), and 

use STS to capture local variations in electronic structure and doping. The oxidation of this binary 

alloy relies on the intricate interplay between the chemistry of two highly reactive elements. The 

study of unique and often synergistic reaction pathways, as well as the geometric and electronic 

properties of ultra-thin oxides and interfaces will contribute to understanding how to improve the 

quality of passive layers on alloy surfaces. 

 

4.2 Methods 

 

The oxidation experiments were conducted under Ultra-High Vacuum (UHV) conditions 

using an Omicron Nanotechnology Variable Temperature Scanning Probe Microscopy (VT-SPM) 

system. A tungsten tip was prepared electrochemically and used for all experiments discussed 

herein. The base pressure was 2.510-10 mbar and imaging was done at ambient temperature. All 

metal thin films were deposited on MgO(100) single crystal substrates that had undergone 

pretreatment outlined in the following reference.38 Ni (Alfa Aesar 99.999% purity) and Cr 
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(American Elements, 99.95% purity) were deposited on these MgO(100) substrates by electron 

beam evaporation using a Mantis EV mini e-beam quad-source. The deposition rates of Ni and Cr 

were measured using a quartz crystal monitor to accurately adjust the film composition. The 

deposition of Ni and Ni-Cr thin films followed the procedure developed previously.38 The Ni-

8wt.%Cr(100) and Ni-12wt.%Cr(100) alloys were deposited at a substrate temperature of 400 oC. 

The composition of the Ni-Cr thin films was verified ex-situ, after experimentation, by energy 

dispersive spectroscopy (EDS) with a Quanta LV650 Scanning Electron Microscope (SEM). 

Oxygen was introduced through a sapphire leak valve, and all oxidation experiments were 

performed at 500 ºC to form a crystalline oxide layer.  The Ni(100) and Ni-Cr(100) surfaces were 

imaged immediately after deposition, and then after all oxidation and annealing steps as 

summarized in Table 1. STM and STS were employed to gain insight into the surface topography 

and local density of states (LDOS) for all deposition and reaction steps. The spectra were recorded 

by measuring an I/V curve for every third image pixel with an open feedback loop, while 

topography information was recorded for the next two image pixels with a closed feedback loop 

set to a tunneling current of 0.1 nA and a bias voltage of 3.0 V. A voltage range of ±3.0 V was 

used for the STS spectra.  

The data from the STS measurements were formatted into Density of State and Bandgap 

Maps using a MATLAB code. This was accomplished by numerically differentiating the I/V 

curves to generate dI/dV curves. These were then normalized by I/V and expressed as (dI/dV)/(I/V) 

curves following the procedure described by Feenstra et al..39,40 Once normalized, the bandgap of 

each curve was numerically determined by calculating the region where (dI/dV)/(I/V) is smaller 

then a threshold value, i.e. where the DOS is very close to zero. This approach was particularly 

well suited for the analysis of a large number of data points. The distributions of 
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valence/conduction band extrema and bandgap values were generated from these data. The tangent 

method for determining the bandgap, which takes into account variations in DOS slope at the band 

edges, was used when a smaller number of data points was considered and is illustrated in the 

Supporting Information 4-S1. The differences between the two methods were generally very small 

in this materials system, and confirmed the correct use of a threshold value for large data sets. The 

(dI/dV)/(I/V) spectra were then displayed as spatially resolved DOS and Bandgap maps, 

respectively, which allows for a direct comparison between topography and electronic structure. 

Prior to display and analysis of the topography images, each surface was leveled by mean plane 

subtraction and planarization. The use of these corrections is illustrated in the Supporting 

Information 4-S2, and only values not skewed by image processing are used in the subsequent 

analysis of step heights and other geometric features. 

 

4.3 Results 

 

4.3.1 Ni(100) vs Ni-Cr(100) at 500 oC 

Figure 4-1 provides a comparison between the oxidation of Ni(100) and Ni-8wt.%Cr(100) 

surfaces to illustrate the impact of alloying on the oxidation process. Figure 4-1(A) shows the as-

deposited Ni(100) thin film, which has wide terraces with curved step edges consistent with 

previous reports in literature.36 The first oxidation step Figure 4-1(B) initiated a surface 

reconstruction and the steps faceted into parallel {100} segments. The step edge faceting can be 

attributed to the dissociative chemisorption of O2 and formation of a c(22)O reconstruction on 

the Ni(100) surface.27 Pure Ni(100) at very low exposures adopts the p(22)O reconstruction with  
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Figure 4-1. Topography images showing the progression of oxidation for Ni(100) (A-D), and Ni-

8wt.%Cr(100) (E-H). The oxidation and annealing steps are indicated in the Figure, and summarized in 

Table 1. The image insets in C and G are 1414 nm2 and 5050 nm2, respectively. The oxidation steps 

were all performed at 500 ºC, and imaging conditions are Ubias= 2.0 V and It= 0.1 nA for all images in 

this series, except A, E, and F which were taken at Ubias= 0.15 V and It= 0.5 nA.  

 

O atoms positioned in the 4-fold hollow sites, and with increasing exposure the center hollow site 

becomes occupied to form the c(22)O structure. The inset in Figure 4-1(C) shows a high-

resolution image of the facet which is commensurate with the c(22)O reconstruction. An average 

spacing of 0.44 ± 0.05 nm separates the rows in the image inset confirming the c(22)O unit cell.  

Reconstruction-induced step faceting removes reactive kink sites causing the surface to 

become nearly inert against oxide formation, which has been demonstrated in previous studies.27 

Indeed, no oxide islands are seen in Figures 4-1(C) and (D) even after a 300 L exposure of O2 and 

is in stark contrast to the rapid development of oxide on the Ni-Cr alloys. According to the 

literature an oxygen exposure of at least 1000 L is required to grow NiO at elevated temperatures 

on Ni(100) surfaces.28 The activation barrier for oxide nucleation increases significantly on faceted 

terrace edges compared to step edges with kink sites. The c(22)O reconstruction induced step 

edge faceting is held responsible for the extended induction period towards oxide formation.27 Our 
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observations of the Ni(100) thin film surfaces are in agreement with the literature, and the behavior 

of single crystal surfaces.27,28,30  

 

4.3.2 Trends in the oxidation of Ni-Cr(100) surfaces 

Four dominant types of surface features are observed on the alloy surfaces during oxidation 

and annealing and their relative abundance is determined by alloy composition, oxygen exposure, 

and temperature. The parameter space covered in the present manuscript is summarized in Table 

1. Some features can be uniquely attributed to a specific oxide due to characteristic structural or  

Alloy 

Composition 

Oxidation En 

Annealing An 

T [ºC] p(O2) [mbar] Cumulative Exposure 

[L] (individual 

exposure step) 

i. Ni (100) E1 

E2 

E3 

500 ºC 2.0 10-8 mbar 

6.0 10-8 mbar 

9.0 10-8 mbar 

50 L (+50 L) 

200 L (+150 L) 

500 L (+300 L) 

ii. Ni-8wt.%Cr E1 

E2 

E3 

500 ºC 2.0 10-9 mbar 

1.0 10-8 mbar 

5.9 10-9 mbar 

1 L 

10 L (+9 L) 

15 L (+5 L) 

iii. Ni-12wt.%Cr E1 

A1 

E2 

A2 

A3 

A4 

500 ºC 

600 ºC 

500 ºC 

500 ºC 

600 ºC 

600 ºC 

8.6 10-9 mbar 

- 

8.6 10-9 mbar 

- 

- 

7 L (+7 L) 

annealed 1800s 

14 L (+7 L) 

annealed 1320 s 

annealed 1320 s 

annealed 5400 s 

 

Table 1: Summary of oxidation and annealing steps for all alloys. All experiment and processing steps 

for a given alloy were completed within 24 hours of alloy deposition. 
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electronic signatures, while details of novel reconstructions are observed but not yet fully 

understood. The surface features in question are as follows:  

1. NiO in a NiO-NiCr(67)terrace or NiO-NiCr(78)step  coincidence lattices, which are seen in 

the STM images as moiré patterns, and appear on the terraces and at step edges, 

respectively. At higher oxygen exposure NiO extends far onto the terrace, and is observed 

on Ni-8wt.%Cr(100) and Ni-12wt.%Cr(100), and has also been reported for Ni(100) albeit 

at much higher oxygen exposures.28  

2. Nanoscale oxide clusters tend to form early in the oxidation process and are located on the 

terraces.  

3. Several different oxygen-induced reconstructions on the alloy surface and are distinct from 

any reconstructions reported for the pure metal surfaces.  

4. Oxide nodules, which are several nanometers in width and length, and differ structurally 

and electronically from the surrounding NiO. The nodules have a relatively large apparent 

height that is highly dependent on bias voltage. The nodules are tentatively assigned to 

either Cr2O3 or spinel NiCr2O4 and are only observed on the Ni-12wt.%Cr(100) alloy 

surface at later oxidation and annealing steps.  

The Ni(100) surface reaction is compared to Ni-8wt.%Cr(100) oxidation shown in Figure 

4-1(E-H), which illustrates the impact of dilute amounts of Cr-alloying on oxidation. The pristine 

alloy surfaces consist of relatively large terraces up to several 10 nanometers in width, and step 

edges with an average apparent height of 0.17 nm ± 0.01 – half the unit cell height of Ni (aNi=0.35 

nm). The modulation of surface morphology as a function of alloy composition is addressed in a 

previous publication.38 The introduction of a small amount of oxygen, 1 L at 500 ºC, did not induce 

an observable reaction, while a cumulative exposure of 10 L (1 L +9 L) in a 2nd oxidation step 
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initiated the formation of oxide islands and nanoscale clusters (Figure 4-1(G)). The oxide 

population is bimodal and consists of small clusters on the terraces and extended oxide segments 

along the step edges. The step edge oxide is NiO, which forms a coincidence lattice due to the 

lattice mismatch between Ni and NiO and is expressed as a characteristic moiré pattern in the STM 

images. The coincidence lattice is discussed in detail later in this manuscript. During the 3rd 

oxidation step depicted in Figure 4-1(H) the majority of the alloy step edges are decorated with 

oxide (NiO) and display faceting, which is consistent with the highly anisotropic surface free 

energy of oxides.27,41 The oxide-induced step edge faceting is reminiscent of the reconstruction-

induced faceting for Ni(100). The general evolution of surface features and oxides follows the 

same trend for the Ni-8wt.%Cr(100) and Ni-12wt.%Cr(100) alloys, although the oxidation is more 

rapid for the Ni-12wt.%Cr(100) alloy – especially the formation of NiO advances at a faster pace 

for the same oxygen exposure which is discussed in detail in the next paragraph.  The preferential 

formation of NiO over Cr2O3 is in agreement with the work of Luo et al., who documented NiO  

 

4.3.3 Oxidation of a Ni-12Cr(100) surface: The Ni oxidation pathway 

The Ni-12wt.%Cr(100) alloy was oxidized and annealed in several sequential reaction 

steps as illustrated in Figure 4-2 and summarized in Table 4-1. Figure 4-2(A) shows the surface 

prior to oxidation.38 The first oxidation step (Figure 4-2(B)) corresponds to reaction step E1 as 

defined in Table 1, and leads to step edge decoration with NiO, and formation of an abundance of 

nanoscale clusters on the terraces. This reaction sequence is very similar to the Ni-8wt.%Cr(100) 

surface, and differs only in the amount of NiO. NiO starts to grow into the flat terrace as the oxygen 

exposure is increased. Line scans of the oxide on the terrace reveal an average spacing of the 

maxima of 2.50 ± 0.02 nm commensurate with the NiO-Ni(67) coincidence lattice along the [100]  
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Figure 4-2. STM images captured for Ni-12wt.%Cr(100): (A) the as-deposited alloy surface, (B) after 7 

L exposure at 500 ºC, and (C) subsequent annealing at 600 ºC (A1 in Table 1). (D) is observed after the 

final annealing step at 600 ºC (A4 in Table 1). The complete step edge decoration, and extended coverage 

of the terraces with NiO is seen in all samples after A1 corresponding to the reaction steps E2, A2, A3 and 

A4. A direct comparison of the surface after A2, A3 and A4 is included in the Supplemental Information 

Figure S3. (B) includes an inset with a higher resolution view of the step edge oxide, and (D) shows an 

inset with the cross-type reconstruction. Imaging conditions were Ubias= 2.0 V and It= 0.1 nA.  

 

direction. The step edge oxide shows a more compact pattern with 2.01 ± 0.07 nm spacing 

measured edge-to-edge with respect to the repeat unit in NiO. This corresponds to NiO-Ni(78) 

along the [110] direction in both lattices. The supporting information includes a detailed 

illustration of the measurement directions. The increased NiO coverage in Ni-12wt.%Cr(100) in 

comparison to Ni-8wt.%Cr(100) shows that NiO nucleation and growth depends sensitively on the 

Cr content in the alloy.  

The almost complete step edge decoration, and extended coverage of the terraces with NiO-

NiCr(67) is seen in the reaction steps E2, A2, A3 and A4 (Figure 4-2(D)), which follow A1 (Figure 
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4-2(C)). A direct comparison of the surface after A2, A3 and A4 is included in the Supporting 

Information Figure 4-S3. Figures 4-6 and 4-7 show the surface after E2. All statistical analysis of 

coincidence lattices on terraces and steps, step heights, their Ubias dependent behavior as well as 

the electronic characteristics of the different types of surface features has been performed for 

images recorded after all oxidation and annealing steps and are discussed in the next section. While 

the abundance of the surface features changes throughout the reaction sequence, their geometric 

and electronic characteristics remain unchanged. For example, all step edge NiO presents a NiO-

Ni(78) coincidence lattice independent of whether it is observed after reactions step E1 or E4 for 

Ni-12wt.%Cr(100), or E3 for Ni-8wt.%Cr(100). 

In the early oxidation steps the terraces are covered by nanoclusters (Figure 4-2(B) and 

Figure 4-3), which form a dense layer. The relatively high cluster density precludes a reliable  

 

 
Figure 4-2. STM images captured for Ni-12wt.%Cr(100): (A) the as-deposited alloy surface, (B) after 7 

L exposure at 500 ºC, and (C) subsequent annealing at 600 ºC (A1 in Table 1). (D) is observed after the 

final annealing step at 600 ºC (A4 in Table 1). The complete step edge decoration, and extended coverage 

of the terraces with NiO is seen in all samples after A1 corresponding to the reaction steps E2, A2, A3 and 

A4. A direct comparison of the surface after A2, A3 and A4 is included in the Supplemental Information 

Figure S3. (B) includes an inset with a higher resolution view of the step edge oxide, and (D) shows an 

inset with the cross-type reconstruction. Imaging conditions were Ubias= 2.0 V and It= 0.1 nA.  
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measurement of the lateral size distribution due to tip convolution effects. Distributions of apparent 

height are therefore used for comparison and measured on 2020 nm2 areas on the terraces. The 

height distribution is measured as “apparent height above baseline” over the entire image with 

identical image sizes for all three oxidation steps. The baseline is defined as the positions with the  

smallest apparent height in the pockets between the clusters for each terrace individually. The 

baseline pockets might be the bare alloy, or an alloy with chemisorbed oxygen, and it was not 

possible to identify their chemical and bonding state unambiguously. The apparent height 

distributions reveal rather shallow clusters with a maximum around 0.12 nm and 0.21 nm for Ni-

12wt.%Cr(100), and Ni-8wt.%Cr(100), respectively. The poorly defined cluster shape, and 

relatively large width of distributions, which can stem from variations in topographic height as 

well as local density of states, is commensurate with sub-oxides or amorphous oxide with variable 

composition formed on the surface of the random solid-solution Ni-Cr alloy. The nanocluster 

height distributions for the two alloys are nearly symmetric in the initial reaction step, although 

the average cluster height is larger for Ni-8wt.%Cr(100), which we attribute to the higher 

cumulative oxygen exposure. After the first 600 oC anneal step of Ni-12wt.%Cr(100) the clusters 

appear to ripen, which is expressed by a shift of the height distribution maximum to larger values 

and an increasing population at larger height. The STS spectra revealed a bandgap for the 

nanocluster-decorated terrace around 4.0 eV but the lack of well-defined geometric structure 

prevents attribution to a specific oxide. 

The annealing step A1 at 600 ºC (Ni-12wt.%Cr) leads at the same time to the complete loss 

of step edge oxides (Figure 4-2(C)). The exposed alloy step edges revert to a more curved 

morphology and are reminiscent of the initial alloy surface shown in Figure 4-2(A). Hence, step 

edge motion in Ni-Cr alloys is relatively facile and straight edges are stabilized by NiO. The loss 
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of step edge NiO can be attributed to a chemical reduction either due to the reducing ultra-high 

vacuum environment, or a solid-state reaction with Cr where the reaction products (Cr2O3 or 

NiCr2O4) are integrated in the nanocluster population. Reduction of NiO by either reaction can be 

facilitated by the abundance of under-coordinated edge sites along the narrow strips of edge-oxide. 

The solid state reaction pathway is also known to drive the internal oxidation of Ni-Cr in the later 

stages of the oxidation process.1,26  

The second 7 L oxidation step at 500 oC (E2, cumulative exposure of 14 L) drives a rapid 

increase in the NiO terrace coverage that now envelops a large part of the surface. At the same 

time nanoclusters, which previously dominated the terraces, have dissolved. Additional annealing 

steps at 500 oC and 600 oC have a negligible impact on the surface structure and only remove kinks 

in the edges of the NiO layer spreading over the terrace (Supporting Information 4-S3).  The NiO 

boundaries often coincide with minima in the moiré pattern (Figure 4-2(D), A4, final annealing 

step for Ni-12wt.%Cr) and therefore appear to be the most stable bonding site.  

The image inset in Figure 4-2(D) shows that parts of the surface have undergone a surface 

reconstruction, which presents as a distinct cross-type pattern when the empty states are probed 

using Ubias > 2 V. The cross-type reconstruction is the dominant reconstruction among three 

distinct chemisorbed phases, which are seen on the surface but do not have an exact counterpart in 

either the pure Ni(100) and Cr(100) surfaces. The analysis of the reconstructions with density 

functional theory (DFT) calculations has not yet lead to a unique assignment, and will be pursued 

in a future publication. We propose that the cross-type reconstruction, which only forms after the 

2nd annealing step, is created by transformation or dissolution of the nanoclusters observed in the 

initial oxidation step. The cross-type reconstruction is reminiscent of (√5 × √5)𝑅27° bcc Cr(100), 

but has a unit cell that is twice as large.37 The cross-type reconstruction might be a surface oxide, 
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or the first layer of NiCr2O4 or Cr2O3, and possibly includes an ordered vacancy structure. It is 

tentatively interpreted as a surface region with a relatively high Cr concentration, which is likely 

important for the nucleation of Cr2O3, and injection of Cr-dopants into the NiO layer.8 Since 

surface diffusion is significant for oxide growth at this stage, it is very likely that regions with high 

Cr concentrations lead to locally doped oxides.42  The lateral inhomogeneity in the Cr-

concentration is hypothesized to play a critical role in connecting surface chemistry, and 

subsequent oxide layer growth. 

In addition, the large oxide nodules appear after the 2nd oxidation step (E2) of Ni-

12wt.%Cr(100) and are readily apparent in Figure 4-2(D). Their long axis is along the [100] and 

[010] directions with respect to the Ni-Cr(100) and NiO(100) surfaces. The apparent height of the 

nodules is extremely sensitive to bias voltage, which is shown in the Supporting Information 4-

S4.  

 

4.3.4 The NiO superlattices 

 The NiO coincidence lattice, which figures so prominently in many of the images, is seen 

in the STM images as moiré patterns with a square symmetry due to cubic crystal structure of Ni 

and NiO. A detailed view of terrace and wedge (or step edge) NiO is given in Figures 4-4 and 4-

5. Figure 4-4 addresses the coincidence lattice on the terrace, and Figure 4-5 describes the 

compressed wedge-like coincidence lattice across the step edges. Figure 4-4 shows the terrace-

NiO obtained after a cumulative O2 exposure of 14 L on the Ni-12wt.%Cr(100) sample and a 500 

oC anneal period (step A2 as classified in Table 1). The peak spacing is on average 2.5 nm and 

shows little variation with modulation of Ubias(Figure 4-4(A)). A representative line profile for 

Ubias= -2.0 V is shown in Figure 4-4(D) Based on the peak spacing a cube-on-cube epitaxial  
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Figure 4-4. Assessment of the NiO moiré pattern and coincidence lattice measured for Ni-12wt.%Cr 

after a cumulative oxygen exposure of 14 L and annealing at 500 ºC (step A2 as classified in Table 1). 

Images (A) and (B) were measured at -2.0 V and 0.1 nA. Height and distances were measured at the 

same image feature, which was recorded at different bias voltages maintaining a feedback current of 0.1 

nA. The peak spacing (line 1) is acquired on the NiO moiré pattern, the height distributions are measured 

across line 2 NiO-NiO, and line 3 NiO-reconstruction. (C) Model of the 67 NiO-Ni cube-on-cube 

coincidence lattice, and (D) corresponding line scan along line 1.  

 

relationship between the Ni-Cr alloy and NiO is confirmed. With aNi=0.35 nm, and aNiO=0.402 

nm,7 a coincidence lattice with the unit NiO-NiCr(67) yields a period of 2.50 ± 0.02 nm and is in 

agreement with our STM data. The lattice constant of Ni-Cr alloys is for low Cr concentrations 

almost identical to the Ni-lattice constant.43,44 A model for the NiO-NiCr(67) lattice match at the 

interface is proposed in Figure 4-4(C) As a side note: the chemisorbed structure (or reconstruction) 

at the endpoint of line scan 2 (Figure 4-4(B)) shows a square lattice. 

The apparent height of the NiO steps between NiO-NiO, and NiO-NiCr with chemisorbed 

oxygen (oxygen-induced reconstruction), are summarized in Figure 4-4(B). The apparent step 

height NiO-NiO layer is 0.19 ± 0.01 nm and corresponds to the growth of NiO in layers of half 

unit cells (two atomic layers), and the coincidence lattice signature is conserved for several layers 
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minimizing biaxial strain. Several (67) unit cells are marked in Figure 4-4(A) and are offset by 

half a (67) unit cell across a step edge. On the other hand, the apparent step height measured 

between the 1st layer chemisorbed phase on Ni-Cr, and NiO depends sensitively on the bias voltage 

and nearly doubles to reach 0.44 nm at Ubias = +4.0 V. At this bias voltage the antibonding p-states 

of the NiO15 are probed, while the contributions from the chemisorbed domain are not yet 

understood. The tunneling current from NiO and the chemisorbed domains do not follow the same 

bias-voltage dependence, which leads to the strong variation in apparent step height between them.  

A future DFT calculation of the chemisorbed domains should provide the requisite LDOS and 

allow for a quantitative interpretation. Figure 4-6 includes STS spectra from both regions and 

underscores the differences in the LDOS between them.   

Figure 4-5(A) and 4-5(B) show in more detail the NiO at the step edges, which presents as 

wedge-like structures first reported by Bäumer et al..28 NiO nucleates first at the step edges and 

grows subsequently into the top and bottom terraces. The average spacing of the moiré maxima 

measured along the wedge incline (taken along the [110] and [1-10] directions) is 2.01 ± 0.07 nm 

and has an angle of 3.6-5.3º with respect to the [001] direction (Figures 4-5(D)). This reduced 

periodicity corresponds to a NiO-NiCr(78) coincidence lattice, where the lattice (110) lattice 

planes match at the aforementioned coincidence site. The wedge angle is achieved by introducing 

additional half-planes at the Ni-Cr(100)-NiO interface as shown schematically in Figure 4-5(C), 

and the geometric structure of the interface stabilizes a narrow range of wedge angles. These sites 

accommodate NiO formation by creating low-angle grain boundaries at the interface. In addition 

to the NiO wedge the formation of shorter, secondary wedges, is observed and they are marked by 

white arrows in Figure 4-5(B). These secondary wedges are a signature of a change in growth 

mode from Frank-van der Merve to Vollmer-Weber. Luo et al.6 observed this transition with in- 
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Figure 4-5. Images (A) and (B) show a selection of oxide wedges after processing steps E1 and A2, 

respectively for the Ni-12wt.%Cr sample. The arrow in (B) marks secondary wedges, which do not span 

the entire step edge. (C) model of the wedge structure with the dislocation plane introduced in the 

underlying substrate to support tilt in each wedge. (D) summarizes the spacing of the intensity maxima 

in the moiré structures across a large number of wedges from all different experimental steps for the Ni-

12wt.%Cr sample. (E) is a representative line scan across a wedge marked in image (B) by a red line. 

Both images are 5050 nm2 with 2.0 V and a feedback current of 0.1 nA. 

 

situ HRTEM (high resolution transmission electron microscopy) on Ni-10at.%Cr at 450 ºC, and a 

similar transition is seen on Cu with a shallow wetting layer of only two atomic layers.45,46 The 

Ehrlich-Schwöbel barrier confines Ni atoms to a single NiO terrace where a new oxide layer 

nucleates. This results in the formation of stacked oxide islands and a new (110) facet.7  

 

4.3.5 The nanoscale origins of electronic heterogeneity at alloy-oxide interfaces 

The structural heterogeneity observed during the initial stages of oxidation is even more 

pronounced in the electronic heterogeneity, which is seen in the LDOS and bandgap maps. These 

maps reflect the LDOS of all surface features, and in addition show inhomogeneous distributions  
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Figure 4-6. Topography images (A), bandgap and STS spectra (B) for Ni-12wt.%Cr after the 14 L O2 at 

500 oC exposure (step E2). (A) Large scale image 300×300 nm2 in combination with higher resolution 

images of characteristic surface features. From left to right: moiré pattern from the coincidence lattice 

between Ni(100) and NiO(100), surface reconstruction labeled as “cross reconstruction” from its visual 

presentation, and oxide nodule. Images were recorded at 3.0 V and 0.1 nA. The green rectangle marks 

the region of the band gap and LDOS maps shown in Figure 7. (B) STS spectra for all characteristic 

regions shown in the high-resolution insets. The spectra are averaged over 20-40 individual spectra 

extracted from the STS maps recorded in the respective region. (C) This histogram summarizes VBM 

and CBM positions for all (dI/dV)/(I/V) spectra recorded in the STS map collection for the Figure 6.A 

surface area. (D) Histogram of the corresponding bandgaps collected for image area Figure 6.A and the 

labels correspond to the STS spectra (B) and images (A). Note that bandgaps larger than 4.1 eV (labeled 

3*) are positioned on the nodules and due to suppression of the tunneling current in the valence band it 

is not possible to assess the bandgap correctly. 

 

of dopants within a single surface feature. Figures 4-6 and 4-7 are used to discuss the electronic 

structure of the surface after cumulative oxygen exposure of Ni-12wt.%Cr(100) with 14 L O2 and 

annealing at 500 ºC (E2 as classified in Table 1). Note that image resolution in the combined STS-
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STM mode for the topography images is worse than for images recorded exclusively in topography 

mode. The topography image shown here was captured immediately after the STS map 

measurement, which allows for unambiguous feature matching. 

Figure 4-6 summarizes characteristic regions and the STS spectra in Figure 4-6(B) are 

averaged over 20-40 individual spectra recorded within the marked areas in the topography image. 

Figure 4-6(A). Region 1 corresponds to the NiO moiré pattern, region 2 reflects the cross-type 

reconstruction, which is the dominant reconstruction observed on this sample, and region 3 

corresponds to one of the large oxide nodules.  

The NiO layer (region 1) has on average a band gap of 3.6 eV, which is lower than the bulk 

value of 4.3 eV NiO.47,48,49  The Fermi level is shifted towards the conduction band minimum 

(CBM) with respect to the intrinsic Fermi energy position and is commensurate with n-type 

doping. The reconstructed region 2 has a smaller band gap, and the band edges are positioned 

at -1.0 eV and 0.9 eV, respectively. The shallower slope at the band edges is likely due to additional 

states specific for this reconstruction. The STS spectrum of the large oxide nodules in region 3 

shows a very small intensity for the valence band, which prevents a reliable determination of a 

bandgap.50 The (dI/dV)/(I/V) values for the valence band show the reduction in the transmission 

function due to the insulating nature of the oxide nodule. The very low (dI/dV)/(I/V) is also 

reflected in bias dependent topography images included in the Supporting Information 4-S4. 

Figures 4-6(C) and (D) summarize all values for the valence band maxima (VBM) and conduction 

band minima (CBM), as well as bandgap values, respectively, for the entire image area of Figure 

4-6(A). NiO dominates the surface and the position of the maxima for VBM and CBM histograms 

reflect the n-type doping we observed in the individual spectra. The most-probable bandgap value  
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Figure 4-7. (A) Topography image of the region marked in Figure 6, and (B) is the corresponding density 

of states map at Ubias= - 2.39 V, and (C) bandgap map. (D) includes the spectra collected in the 

characteristic surface regions traversed along the line included in (A). Region 3 and 4 show identical 

topography features and bandgaps, but present differences in doping. (E) includes the position of VBM, 

CBM and position of the Fermi level extracted from all spectra measured across region 1 to 4 following 

the guiding line. 

 

of 3.6 eV is attributed to the NiO layers, larger values correspond to oxide nodules, and values 

centered around 1.7 eV represent the chemisorbed regions. 

To understand the heterogeneous electronic structure of the Ni-12wt.%Cr(100) surface 

after oxidation, a section of Figure 4-6(A) was selected that represented the spatial variation of the 

distinct surface oxides features. Figure 4-7 addresses the area marked with a green rectangle in 

Figure 4-6, and the image of this region is shown in Figure 4-7(A). Figure 4-7(B) includes the 

LDOS map – a cut through all spectra at Ubias=-2.39 V and the corresponding (dI/dV)/(I/V) value 

is displayed as a function of position. Figure 4-7(C) shows the band gap map for the same area. A 

few regions in the LDOS map have some streaks due to tip changes during measurement and are 

excluded from the discussion. The individual spectra in Figure 4-7(D) correspond to different 



  97 

segments along the line in the STM image, which crosses from the NiO region (1) onto the 

chemisorbed surface (2), and back onto a section of NiO, which is divided into segments 3 and 4. 

The bandgap, and band edge positions are summarized in Figure 4-7(E), and the different line 

segments are marked. The standard deviation for VBM (CBM) values is 0.2 eV (0.08 eV) for 

segment 1 and 4, 0.4 eV for VBM and CBM in segment 2, and 0.18 eV (VBM) and 0.16 (CBM) 

for segment 3. The standard deviation was calculated for datasets consisting of ±4 STS pixels 

around each data point positioned on the line and reflects the experimental variability. Segment 2 

is relatively inhomogeneous and shows significant local variations in its LDOS due to some very 

small clusters embedded in the cross-type reconstruction. Segment 1 and 4 are very similar in terms 

of bandgap, VBM, and CBM values, and are both slightly n-doped. Note that the NiO section left 

of segment 1 shows the identical band gap value and LDOS.  

Segments 3 and 4 are particularly interesting: the bandgap is slightly larger in segment 3, 

and the position of the Fermi energy is shifted closer to the CBM indicating a stronger doping 

compared to NiO segment 4, and segment 1.  NiO-segment 3 is marked with a blue outline in the 

topography image and the corresponding region can clearly be identified in the LDOS map. 

Candidates for oxide doping are defects such as trivalent, substitutional Cr3+, which increases the 

vacancy concentration and hence reduces the hole concentration.42 The vacancies created by 

introduction of Cr3+ also provide a mechanism for the accelerated growth of NiO.8 Additional gap 

states can arise from local O-deficiencies, or the presence of solute trapped Cr2, and Cr3+, which 

has recently been reported. 42,51 The overall position of the Fermi energy within the gap is 

determined by the entirety of the defect- and dopant inventory and cannot be attributed to one 

specific, dominant gap state at present. As a consequence, the assumption of a homogeneous 
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electric field at the interface between alloys and oxide, which is commonly made in Cabrera-Mott 

growth models, should be revisited.  

 

4.4 Discussion 

 

 The comparison between Ni(100) and Ni-Cr(100) oxidation demonstrates the 

significant changes in the formation of surface oxides caused by alloying even with relatively small 

amounts of Cr. NiO dominates the surface oxide during the early stages of oxidation, which is in 

agreement with the literature in the temperature regime of the present study.6,7,11,51,8,52  The impact 

of Cr on NiO nucleation, and the wide range of surface features that emerge early in the oxidation 

process, illustrate the complexity of alloy surface chemistry. Consideration must be given to the 

preferred nucleation and growth site for each constituent metal in the alloy and their corresponding 

oxide phase, and the effects of the oxide growth on surrounding phases.   

 Introduction of Cr significantly enhances NiO nucleation and growth, but also contributes 

to the emergence of additional oxide features including novel reconstructions and large oxide 

nodules, which are not seen for pure Ni(100). Recent work has shown that substituting Cr for a Ni 

surface atom enhances the affinity for bonding between oxygen and Ni-Cr surfaces,53,54 

underscoring the role of Cr in promoting NiO formation. The enhanced NiO nucleation goes hand 

in hand with accelerated NiO growth, which is aided by Cr-doping. We propose two mechanisms 

for the enhanced NiO nucleation: (i) Cr segregates to the step edges and facilitates oxide nucleation 

by changing the reaction kinetics and local activation barriers, or (ii) Cr prevents reconstruction-

induced step faceting by lowering step edge atom mobility and kink sites for nucleation are 

therefore retained. This question can be resolved in future work by targeting very low oxygen 
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exposures and lower Cr-concentration alloys in conjunction with DFT calculations to assess the 

most likely Cr-position in the alloy surface. 

The oxidation of Ni-Cr leads also to structural and compositional changes in the alloy 

surface itself and includes (i) faceting of step edges by NiO growth, which is driven by the epitaxial 

relationship between the Ni-Cr and NiO lattices, and (ii) the emergence of presumably Cr-rich 

regions within a novel cross-type reconstruction. The characteristic symmetry of the cross-type 

reconstruction has no counterpart in the fcc Ni(100) surfaces and is reminiscent of the oxygen-

induced bcc Cr(100) 33,37 reconstructions. This lead us to propose that a Cr-rich surface region 

formed by lateral segregation of Cr. Consequently, we can not think about the Ni-Cr alloy surfaces 

as homogeneous with a random distribution of Cr-atoms which determines local oxidation 

reactions but should revise this picture to include lateral element segregation. One of the 

consequences of local variations in Cr-concentrations beyond the atomic-length scale of a solid 

solution is heterogeneity in oxide doping, which is likely the reason for the variations in electronic 

structure seen in Figures 4-6 and 4-7. The assumption of uniform oxide coverage is inadequate 

within the pre-Cabrera-Mott regime. As such, the description of the surface electronic structure 

and compositional variation can account for the heterogeneity observed and will be important for 

future work. 

 

4.5 Conclusions 

 

The surface reactions of binary Ni-Cr alloys were studied by nanoscale characterization of 

the geometric and electronic structure. The combination of STM and STS maps enabled us to 

deepen our understanding of the structural, compositional, and electronic heterogeneity that 
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emerges in the initial stages of the oxidation process. Some aspects of the oxidation, which are 

controlled by geometric constraints and include the coincidence lattices formed by NiO at the step 

edges and on the terraces, have direct counterparts in the oxidation of Ni(100) surfaces. However, 

surface processes controlled by local chemistry and kinetics, such as reconstruction-driven step 

edge faceting, lateral segregation of Cr, and the formation of new reconstructions are uniquely 

changed by the addition of small amounts of Cr. The electronic heterogeneity is likely impactful 

for the continuation of NiO growth and is coupled to an established mechanism of NiO accelerated 

growth via Cr-dopant induced vacancies. The pre-Cabrera Mott regime sets the stage for the 

transition to Cabrera-Mott and field-controlled oxide growth, and the next step in this work is to 

understand this transition. It is particularly important to establish which features of pre-Cabrera 

Mott heterogeneity have an impact on the continued oxide growth and passive film performance.  
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4.7 Supplemental Data and Supporting Information  

 

4-S1. Bandgap measurements for STS Spectra 

 

 
Figure 4-S1. (A) The cross-point of the tangent is used for determining the bandgap from STS 

data. The averaged STS curves (approx. 50 curves) were taken from NiO grown on Ni-

12wt.%Cr. Distributions of the valence (B) band and conduction (C) band maxima and minima 

are computed from the STS spectra by numerically computing the voltage at which the current is 

above the threshold value reported in the method section. The bandgaps (D) are also acquired 

from the numerical differentiation routine and are in great agreement with the max/min of the 

valence/conduction bands.  

 

 

This report uses the tangent method to establish specific bandgaps. This method relies on 

taking the derivative of the conduction and valence bands edges, and extending the slope across 

the x-axis. Statistical information regarding the edges of the conduction and valence bands yielded 

a bimodal distribution around 1.5 eV and -2.1 eV respectively, indicating that the tangent method 

was best suited for describing this surface. However, given the nature of room-temperature STS 

taken, absolute gaps are neither claimed nor suggested. Instead, relative differences in the 

electronic structure between various surface features are used as a measure of distinction.  

 

Egap = 3.6 eV 

A B C 

D 
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4-S2. Ni-12%Cr metal surface topography of measurement at low Vbias 

 

 
 

Figure 4-S2. STM image, both taken at 0.15V and 0.1 nA, of (A) Ni-12wt.%Cr before oxidation 

and (B) the same alloy after 7L + 600 oC anneal.  

 

The distinct and highly preferential step edge faceting observed post oxidation is no longer 

present after the crystalline NiO has been thermally removed by the 600 oC anneal. Given the metal 

surface’s circular terraces, one would expect Ni-Cr to have a relatively isotropic interfacial energy. 

Once the NiO was removed, removed, the surface would have lacked the surface energy curvature 

necessary to facilitate faceting, thus driving the surface to relax back to a similar orientation with 

round terraces.  

 

 

 

 

 

 

 

 

 

 

 

 

 

  

A B 
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4-S3. Image Data Processing and Correction 
 

 

Figure 4-S3-(1-2). The measured step height of 1
st
 - Layer-NiO at (A) -3.0 V and 0.1 nA and (B) 

3.0 V and 0.1 nA. The image 1 was taken at the positive bias, while image 2 was taken at 

negative bias. Both scale bars are 25 nm. 

 

 

The plots show the different correction methods in Gwyddion1 used to establish the most 

appropriate measure of apparent step height between the 1st layer and NiO. To improve the overall 

visual quality of the images, the reported values in this paper were taken after plane leveling* and 

feature matching** were employed. As seen by the line profiles, no significant changes in the 

apparent step heights were observed after post processing. Significant deviations where observed 

if linescans were taken over large portions of the image, but as shown above smaller and more 

localized scans were used in the collection of apparent height data. The numerical values for the 

apparent heights reported in this work were taken from the difference between the surface features 

above and below a particular line scan, i.e. maximum to maximum.  

 

 

 

 

* Leveled points are identified on the image; a plane between points is generated and subtracted 

from the data.  

A1 B1 

1 

C2 D2 

2 
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**A representative height for each scan line (along the horizontal direction) is found and is 

subtracted from the background.   

 

4-S4. Apparent Height, and Periodic Rows in Oxide Nodules  
 

 
 

Figure 4-S4.1  Images of the oxide nodules taken at -3.0 V and 0.1 nA. Lines scans were performed 

across the periodic rows visible in parts of the nodules. Height vs. length of each respective profile 

were plotted to ascertain the peak distances between the rows.  

 

 

At negative tip bias the filled states of the oxide nodules were probed and ordered rows 

were observed. Linescans were taken and the statistical average peak spacing was found to be 0.84 

± 0.03 nm. The lattice constant of the the spinel oxide, NiCr2O4, has been experimentally and 

theoretically determined to be 0.83 ± 0.07 nm.2 Given this similarity and their characteristic 

surface position, never isolated from the NiO nor the phase separated Cr, it is possible that these 

nodules are the spinel. However, our current experimental techniques cannot confirm the specific 

nature of these nodules. 
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Figure 4-S4.2. The apparent step heights between the 1
st
 layer and the oxide nodules (line profile 

1) and the NiO and the oxide nodule (line profile 2). The image was taken at 3.0 V and with a 

constant tunneling current of 0.1 nA.  The scale bar is 10 nm. 

 

 

Linescans of the oxide nodules reveal that when a negative tip bias is used, the nodules 

appear as depressions when measured from the NiO to the nodule (line profile 2) and as 0.25 nm 

protrusions when the apparent height is measured from the 1st layer Ni-Cr-O surface (line profile 

1). When positive tip bias is applied, there is a relatively linear increase in apparent height, which 

reaches a maximum of 1.4 ± 0.18 nm. It is likely that these nodules have reached a limiting 

thickness, and are this stage of the oxidation have begun to propagate laterally as there is a range 

in length of nodules varies from 10 nm up to 50nm, but all with relatively similar apparent heights. 

 

1 

2 
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S5. Coincidence Lattice – Measurement of NiO Periodicity on Terrace and 

Wedge 

 

 

 
 
Figure 4-S5. Illustration of measurement of coincidence lattice on terrace (linescan in direction 

1), and at step edges (linescan in direction 2). A few lines corresponding to 1 and 2 are icnluded as 

examples in the image on the left hand side. 

 

This figure illustrates the surface crystallography as it pertains to the measurement of coincidence 

lattices on the terrace and the step edges. All linescans within the NiO lattice are measured edge-

to-edge with respect to the repeat unit in the NiO. The image is identical to Figure 5.B in the main 

body of the manuscript and rotated to align line 1 and 2 to the schematics on the right-hand side. 

Line 1 is parallel to the [010] or equivalent [100] direction, and line 2 is parallel to the [110] 

direction.  
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Chapter V: Initial Oxidation Pathways on a 

Ni-15Cr(100) Alloy Surface 

 

      

5.1 Technical Background 

 

 Early stage oxidation of metals commences with the nucleation and growth of 

partial oxide layers or islands on the surface and results in significant structural and chemical 

changes at the metal-oxide interface.1–6 These changes to the metal-oxide interface can influence 

the passivation process as they predicate the development of a complete and corrosion resistant 

oxide layer. Specifically, Ni-Cr alloys have gained considerable attention in recent years due to 

their superior corrosion resistance and excellent mechanical properties.7–15 Despite the increased 

focus on this alloy system, a significant gap still exists between the initial adsorption of oxygen 

and subsequent growth of a complete oxide layer. Models have been developed, such as the 

Cabrera-Mott model, that specifically consider the growth kinetics of oxide layers between 1 – 10 

nm in thickness.1,16,17 While Cabrera-Mott has been used to successfully describe the temperature-

dependent thickening of oxide films and their growth via electric-field driven ion transport, 

discrepancies arise due to the assorted oxidation pathways exhibited by transition metal alloys, 

e.g. Ni-Cr. Therefore, by examining the growth of partial oxides during the pre-Cabrera-Mott 

regime, the fundamental phenomena that drive early-stage oxidation can be realized.     

Given the chemically distinct nature of the Ni and Cr, oxide growth on Ni-Cr alloys is 

governed by the competing oxidation pathways of the two reactive elements. At elevated 
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temperatures, oxidation of Ni(100) begins with the dissociative chemisorption of O2 and the 

formation of p(22)O and c(22)O ordered adlayers.18–22 The chemisorbed phases trigger step-

edge faceting, which kinetically hinders oxide nucleation at the step edges and NiO is only 

observed after large O2 doses.18,19 For Cr(100), a variety of different ordered oxygen adlayers and 

surface reconstructions have been reported after oxygen exposure.23–28 It has been postulated that 

variations in sample surface preparation is responsible for the disparities.23  While the initial onset 

and progression of monolayer oxygen coverage is unresolved, the formation of chrome-oxide has 

been shown to initiate by the incorporation of oxygen atoms into the Cr(100) surface. After a 

complete layer is formed the initial oxide growth is dominated by oxygen anion transport at Tox < 

300 oC and by metal cations at elevated temperatures.28 The unique reaction pathways of the 

Ni(100) and Cr(100) surfaces suggests that alloying will result in distinctive oxidation processes 

different from those of the pure constituent metals. 

The complex interplay between thermodynamic and kinetic factors in the oxidation of the 

Ni-Cr system leads to competition between oxide species. Which oxide species will form, and their 

relative concentration with respect to the total oxide population, will depend on temperature, alloy 

composition, oxygen partial pressure, and crystallographic orientation. Notably, not all of these 

factors have been studied in detail, and the present work targets the initial oxidation steps where 

the competition between oxide species is readily apparent. The lower nucleation barrier for NiO 

due to cube-on-cube epitaxy is generally assumed to kinetically favor the nucleation of NiO 

compared to chromia albeit direct experimental observation of the initial oxidation steps as a 

function of crystallographic orientation is missing.11 The oxidation of a Ni-5wt.%Cr(100) alloy at 

300 oC revealed oxide island growth after small sequential O2 exposures, highlighting the addition 

of Cr removes the temperature induction period for oxide growth on Ni(100) surfaces.10,18 A 
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surface diffusion model, where oxygen atoms diffused to the oxide growth front, was developed 

and found a short screening length of 0.3-0.4 nm, suggesting oxide island growth at these 

temperatures is localized to the island edge.10 At higher temperatures, oxidation is driven by the 

transport of metal atoms, as shown during the initial oxidation of a Ni-10at.%Cr(100) sample at 

450 oC.9 An operando high resolution transmission electron microscopy (HRTEM) study 

confirmed that NiO growth is kinetically favored, as compared to the more thermodynamically 

preferred Cr2O3, due to the rapid surface diffusion of Ni atoms across NiO within this 

compositional space.8,9 Partially closed subsurface layers of Cr2O3 were observed beneath the NiO 

layers at Tox = 700 oC, and when [Cr] = 20at.% these initially disjointed ‘subsurface islands’ form 

a complete Cr2O3 layer.8 The manner in which the NiO and Cr2O3 evolve as a function of both 

temperature and composition reflect the diverse nature of oxide growth on Ni-Cr(100) surfaces 

and indicate that more work is required if the competition between the different oxidation 

pathways are to be fully understood.     

Recently, our work has focused on the nanoscale observation of Ni(100) and Ni-Cr(100) 

surface oxidation by studying the sequential oxidation of alloy thin films (8-12wt.%Cr) grow in 

UHV with STM and STS.7,29 The initial oxidation on Ni-Cr(100) commenced with the nucleation 

and growth of NiO along the step edges and a dense population of small oxide particles on the 

terraces. The NiO formed low-angle grain boundaries with respect to the Ni-Cr(100) surface and 

a distinct NiO-NiCr(78) superlattice lattice was observed across the step-edges, while a NiO-

NiCr(67) superlattice was found on the terraces.7,30 Concurrently, a variety of chemisorbed 

phases and large oxide nodules, assigned as Cr2O3 or NiCr2O4, grew on the terraces. The geometric 

structure of the chemisorbed phases, which is reminiscent of a Cr(100)-O reconstruction, strongly 

suggested the segregation of Cr at the surface, however no atomic spacing was observed. STS 
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measurements combined with a statistical analysis of the surface’s electronic structure revealed 

significant spatial variability in the surface band gap and confirmed the compositional and 

structural heterogeneity of the oxide-alloy interface and surface. The assumption of a homogenous 

electric field between the alloy and oxide surface is therefore insufficient to describe oxide growth 

once a complete oxide layer is formed.   

Experiments that target the initial progression of oxide growth, combined with surface 

sensitive techniques, are necessary if the complex nature of early-stage oxidation is to be realized. 

To this end, STM and STS have been employed to capture the atomistic mechanisms of surface 

oxidation on a Ni-15wt.%Cr(100) sample at 500 oC. The Cr oxidation pathway starts by nucleating 

flat disk-like particles, their size driven by the local distribution of Cr-clusters in the first two (100) 

planes of the surface. As oxidation progresses phase separation of BCC Cr(100) is observed.  

Adjacent to these segregated regions are oxide rows and faceted oxide features, which are 

attributed to the passive Cr-oxide pathway. Initially nucleating at the step edges, the NiO rapidly 

saturates the surface and thickens, with the next layer initiating growth at the NiO superlattice 

groove site. Spatially resolved DOS maps reveal the origin of this behavior is attributed to the 

heterogeneity across the NiO superlattice, imprinted by the alloy-oxide interface. These data are 

used to build a model for the nanoscale growth of the partial oxide layers Ni-Cr(100) surfaces. 

Together, these details on the evolution of the surface’s electronic and geometric structure have 

further illuminated the nuances of early-stage oxidation on Ni-Cr alloys within the pre-Cabrera-

Mott regime. 
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5.2 Methods 

 

Each step of the oxidation experiment was conducted in-situ under ultra-high vacuum 

(UHV) conditions using an Omicron Nanotechnology Variable Temperature Scanning Probe 

Microscopy (VT-SPM) system. The base pressure during measurements was kept at 3.010-10 

mbar and imaging was conducted with an electrochemically prepared tungsten tip at ambient 

temperature. Using electron beam evaporation, the Ni-15wt.%Cr(100) thin film was grown using 

Ni (Alfa Aesar 99.999% purity) and Cr (American Elements, 99.95% purity), which were 

deposited on pretreated MgO(100) single crystal substrates.29 Prior to the alloy thin film growth, 

the deposition rates of the Ni and Cr were measured using a quartz crystal monitor to accurately 

adjust the film composition. The deposition of the Ni-15wt.%Cr(100) thin film followed the 

procedure developed previously.29 The starting alloy surface was found to have wide round 

terraces and the cleanliness and metallicity of the surface is confirmed by STS, supporting 

information Figure 5-S1. Oxygen was introduced through a sapphire leak valve while the Ni-

Cr(100) sample was held at a constant elevated temperature of 500º C and once the sample had 

cooled, the alloy surface was imaged at each oxidation step. Oxidation steps of +7 L (p[O2] = 7 × 

10-9 mbar, t = 1330 s), +7 L (p[O2] = 7 × 10-9 mbar, t = 1330 s), and +4 L (p[O2] = 4 × 10-9 mbar, 

t = 1330 s), for a cumulative of 18 L of O2 exposure, were used to achieve partial oxide growth on 

the surface. 1 L (Langmuir) corresponds to 1 s exposure at 13.3 10-6 mbar of p[O2] and is 

equivalent to a monolayer of adsorbed molecules assuming a sticking coefficient of one. The 

composition of the alloy film was verified ex-situ by energy dispersive spectroscopy (EDS) with 

a Quanta LV650 Scanning Electron Microscope (SEM). 
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The surface topography and local density of states (LDOS) of the sample were measured 

before and after oxidation by STM and STS. The grid spectra were captured by sweeping the bias 

voltage (Vbias) from ±3.0 V and measuring an I/V curve for every fourth image pixel with an open 

current feedback loop. Simultaneously, the topography information was recorded for the next three 

pixels, where the tunneling current (It) was set at It = 0.1 nA and a bias voltage Vbias = 3.0 V was 

used. The I/V curves were numerically differentiated to generate dI/dV curves, which are then 

normalized by (dI/dV)/(I/V) following the procedure described by Feenstra et al..31,32 The band 

gap was numerically determined from the normalized curves, by calculating the region where 

(dI/dV)/(I/V) is smaller than a threshold value, i.e. where the density of states (DOS) is effectively 

zero, and distributions of valence/conduction band extrema and band gap values were generated 

from these data. The (dI/dV)/(I/V) spectra are then spatially resolved by selecting a specific voltage 

slice (e.g. Vslice = -2.7 V) to highlight the contrast in local electronic structure at that particular 

voltage and displayed as a DOS map. This allows for the direct comparison between topography 

and electronic structure. Prior to display and analysis of the topography images, each surface was 

leveled by mean plane subtraction and planarization using the post processing software 

Gwyddion.33 A MATLAB code implementing routines for grey-scale segmentation was also used 

to analyze some of the surface features and is highlighted in the supplementary information section 

Figure 5-S2.  

To understand the clustering of Cr atoms within the Ni lattice, an in-house MATLAB code 

was written that modeled the first two surface planes of the lattice and identified clusters of 

adjacent Cr atoms. Matrices were used to represent atom planes of the (100) surface and a random 

number generator probabilistically assigned a 1 (Cr) or 0 (Ni) to each position in a square matrix 

corresponding to the atomic coordinates of an FCC Ni lattice (supporting information Figure 5-
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S2). Two such planes were created representing the i) top surface plane and ii) the plane below the 

surface, properly offset to simulate an FCC (100) surface. Inter-atomic forces are not taken into 

account, so the occupation of each site is random, and the formation of clusters is therefore only a 

consequence only of probability. Clusters of Cr atoms were identified by finding Cr atoms and 

recursively checking all adjacent positions (8 positions in the same plane and 4 in the other plane) 

for other Cr atoms until no more are found. These clusters were then categorized by size (i.e. the 

number of Cr atoms in the cluster) and visualized via subroutines in the code. No distinction was 

made between Cr atoms that were adjacent laterally, diagonally, or from different planes, and a 

periodic boundary condition was used to eliminate edge effects. Only the Cr atoms in the top two 

(100) planes were considered, but the program mandated that at least one Cr atom in each cluster 

must be on the top surface plane to be counted since this is interpreted as the primary reaction site 

(supporting information Figure 5-S3). 

 

5.3 Results 

 

5.3.1 General trends in surface oxidation  

STM images of the Ni-15wt.%Cr(100) surface prior to oxidation and after each exposure 

step are displayed in Figure 5-1. The onset of oxidation, 7 L of O2 exposure at 500 oC, results in 

significant changes to the surface-free energy of the alloy. Oxide growth initiates with step-edge 

faceting driven by partial step-edge decoration of an angled NiO-NiCr(7×8) superlattice (i.e. NiO 

wedge), while oxide particles, tentatively assigned as Cr-oxide particles, have nucleated and grown 

across the terraces and some step edges, Figure 5-1(b)-(c).7,18,19 After a 14 L cumulative exposure  
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Figure 5-1. Topography of the alloy surface prior to oxidation is given in (a). The progression of 

oxidation after cumulative O2 exposures at 500 oC of 7 L (b)-(c), 14 L (d)-(e), and 18 L (f). All scale bars 

are 20 nm. The white arrows indicate step edges that have not faceted, and are still curved despite oxygen 

exposure. Image (a) was measured at Vbias = 0.25 V, It = 0.5 nA, (b), (c), (d), and (e) at Vbias = 2.0 V, It = 

0.1 nA and (f) at Vbias = 3.0 V, It = 0.1 nA. The images in figures (c) and (e) are both 30 ×30 nm2 and 

show the different features after cumulative 7 L and 14 L exposures, respectively. Line scans of each 

feature at this oxidation steps are provided. 

 

the NiO wedges have thickened and NiO has grown across the terraces, taking a different epitaxial 

relationship with the alloy by forming a NiO-NiCr(6×7) superlattice, Figure 5-1(d)-(e). The 

different NiO superlattices and their effect on the alloy surface have been discussed extensively in 

the following reference.7 At this exposure, the Cr-oxide particles are no longer present on the 

surface and instead a variety of chemisorbed oxygen adlayers are found between the NiO layers, 

Figure 5-1(e). Additional oxidation, +4 L (18 L cumulative), causes greater NiO surface coverage, 

the emergence of more 2nd layer NiO, a reduction in the surface area covered by ordered 

chemisorbed adlayers, and the growth of sizable oxide nodules,7 Figure 5-1(f). It is evident from 

these images that the Ni-Cr(100) oxidation pathway is as complex as it is varied, and therefore will 

be discussed piecewise in this report starting with a closer look at the oxide clusters observed in 

the very early stages of oxidation. 



  119 

5.3.2 Cr oxidation pathway: Growth of the a chromia layer 

The NiO oxidation pathway presents clearly in the topography images post exposure, and 

the oxidation of Cr appears to begin with the nucleation and growth of oxide particles. To better 

understand the particle geometry, height and area distributions are taken over flat segments of the 

alloy surface, represented by the 3D topography image in Figure 5-2(a). The height distribution in 

Figure 5-2(b) reveals an apparent height of approximately 1.25 Å, while the area distribution 

obtained via the MATLAB segmentation code is relatively broad, Figure 5-2(c). Given the shallow 

apparent height another method for the quantification of particle dimensions was employed, and 

the particles were assumed to be flat disks, where the 𝐴𝑟𝑒𝑎 =  𝜋𝑟2 and 𝑟 was determined by 

numerous line scans. This second method yielded an area distribution in excellent agreement with 

the distribution obtained by the segmentation code, therefore modeling the Cr-oxide particles as 

flat disks and islands is acceptable.  

 

 
Figure 5-2. (a) 3D topography image showing the oxide particles present after 7 L of oxygen exposure 

along with (b) their height distribution. The area distribution of these particles is summarized (c) and was 

determined two different ways, i) via grey-scale segmentation (see supporting information) and ii) line 

scans combined with the assumption that the particles are disks (𝐴 = 𝜋𝑟2), which was used to translate 

radius into area distributions. The topography image was taken at Vbias = 2.0 V, It = 0.1 nA. 
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The Cr-oxide particles have been observed in our prior work on Ni-Cr(100) oxidation and 

are thermally stable with respect to annealing at 600 oC, contrasting the NiO which was reduced 

and thus removed from the surface during this heat treatment.7 Similar particles have also been 

previously reported during thermal oxidation of pure Cr thin films.34 Our STM results show the 

Cr-oxide particles preferentially populate across the alloy terraces and some step edges, marked 

by white arrows in the Figure 5-1(b). The extent of NiO step-edge coverage is found to be higher 

on Ni-Cr(100) samples with lower Cr concentration,7 suggesting that step-edges with a higher local 

Cr concentration nucleate Cr-oxide particles instead of undergoing NiO driven step faceting. 

Essentially, NiO formation at the step edges competes with the nucleation of Cr-oxide particles. 

However, STM and STS do not deliver compositional information in the absence of a well-

recognized surface structure (e.g. NiO), so we assign these features as Cr-rich oxide particles, as 

opposed to asserting they are purely Cr-based. Certainly, the initiation of Cr-oxidation is dominant 

on the terraces and step edges with higher Cr concentration, therefore we propose here that the 

presence of Cr-oxide particles can be linked to the distribution of Cr-atoms in the Ni-Cr(100) solid-

solution surface. 

To develop a qualitative understanding of oxide particle formation on the surface after the 

7 L exposure, we developed a MATLAB code that describes the random distribution of Ni and Cr 

atoms within the first two layers of a substitutional solid-solution FCC(100) surface according to 

a predefined alloy stoichiometry. The population of dimer, trimer, tetramer, and pentamer sized 

Cr-clusters for a variety of different alloy compositions is displayed in Figure 5-3(a), where 

numerous simulations were run for each alloy composition, and the number of Cr-clusters (n) of a 

given atom size is shown as a function of at.%Cr. The details of cluster counting are given in the 

supplementary information Figure 5-S3. The number of Cr-clusters reaches a maximum when the  
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Figure 5-3. The graph (a) depicts the occurrences of different cluster sizes as a function of Cr 

concentration in the top two (100) planes (100x100atoms). The histogram in (b) displays the size 

distribution of Cr clusters on the surface of the Ni-15wt.%Cr alloy. A 15x15 nm2 visual representation 

of Cr clusters in the first two planes of a Ni-15wt%Cr alloy is given in (c), with dimers shown as blue, 

trimmers as orange, and tetramers or larger as pink circles (1st plane) and open circles (2nd plane), where 

at least one atom had to be present on the top layer (1st plane) to be counted as a cluster for the 2nd plane.     

 

composition (cluster-size) is 16at.%Cr (dimer), 19at.%Cr (trimers), 20at.%Cr (tetramer), and 

22at.%Cr (pentamer). The contributions from clusters with n>5 increases rapidly for Cr 

concentrations exceeding 15at%. A closer look at the cluster distributions for a Ni-15wt.%Cr(100) 

alloy is provided in Figure 5-3(b)-(c).  

The average cluster size increases with the addition of a second layer, which is summarized 

in the histogram presented in Figure 5-3(b). This result is expected given that the addition of a 

second layer increases the coordination number and inherently leads to larger and more realistic 
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cluster sizes. The second layer can be interpreted as a Cr-atom reservoir that feeds the growth of 

nanoscale surface oxides at these temperatures. A spatial representation of the 1st and 2nd plane 

clusters on a Ni-15wt.%Cr(100) is provided in Figure 5-3(c). These filamentous Cr-surface 

clusters are the preferred oxygen adsorption sites, since DFT has shown that Cr is a preferential 

bonding site for oxygen in Ni-Cr alloys,12,35 and consequently the precursors for islands and 

particles formed in the initial reaction steps. Indeed, the distribution of the Cr within the first few 

layers of the alloy is likely responsible for the initiation of the passive chromia layer, while the 

NiO is driven by epitaxial effects. A more detailed study of the re-organization of Cr within the 

surface layer in response to oxygen adsorption and development of chemical potential driven 

diffusion is in progress.  

Once the sample is exposed to a cumulative 14 L of O2, the oxide particles are no longer 

present. Instead, ordered chemisorbed oxygen adlayers have emerged across the surface and a 

complex mixture of different structures and domains are present. A few segments of curved alloy 

step edges are retained and covered with these adlayers, marked by white arrows in Figure 5-1(d). 

Unlike the c(22) reconstruction on pure Ni(100) the chemisorbed adlayers observed here do not 

induce step edge faceting. Images of these surface reconstructions/adlayers (generally referred to 

as ‘chemisorbed regions’ in ref.7) are provided in the supplementary information section Figure 5-

S4. None of these surface structures exactly correspond to known chemisorption adlayers or 

surface oxides, however some have symmetries that are partially reminiscent of surface 

reconstructions observed on oxidized Cr(100) surfaces.23–28 However, the inter-maxima distances 

deduced from the STM images are significantly larger and do not correspond to any known 

chemisorbed oxygen adlayer, alloy or oxide-alloy interface, and STS yields an unusually broad 

distribution of band gap values centered at about 1.8 eV.7 Indeed, these chemisorbed structures  
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Figure 5-4. The topography image (a), 20×20 nm2 after the 18 L oxidation step. This oxidation step 

illustrates the segregation of Cr(100) and the FCC and BCC surface orientations are superimposed over 

the image. The distributions in (b) represent the maximum-maximum spacing along the [100]BCC and 

[110]BCC directions, respectively, with the average spacing given in each plot. Using the geometry 

presented in the STM images, table (c) outlines the spacings {experimental error} expected for possible 

surface structures, assuming a variety of different coverages and orientations. A model of the Cr(100) 

surface for the Cr(100)-p(2×2) phase is provided in (d), which has an excellent agreement with the 

experimental data. The STM topography image was taken at Vbias = -3.0 V, It = 0.1 nA. 

 

could be a collection defects or oxide nanocavities, which have been observed to form at oxide-

metal interfaces.36 Given these regions are most prominent after 14 L of exposure, but disappear 

with the addition of just 4 L of O2, the chemisorbed oxygen adlayers are likely metastable, 

intermediate surface structures with unique oxygen coverages and distinctive interfacial 

relationships with the metal lattice below.  

After an additional 4 L oxidation step (18 L cumulative), the aforementioned chemisorbed 

oxygen adlayer regions disappear. Instead, a new set of surface structures emerge: a 
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reconstruction/chemisorbed adlayer with a square unit cell, an oxide “row” structure, and a faceted 

oxide feature now dominate at this coverage and mark the progression of the oxidation process. 

Figure 5-4(a) shows a high-resolution image of one of these structures, whereby an ordered surface 

structure is atomically resolved in between the NiO edges. Taking line scans along the max-to-

max positions reveals an average max spacing of 6.0 Å ± 0.1 and a diagonal spacing of 8.2 Å ± 

0.1 confirming the square geometry of the structure. Distributions of these data are provided in 

Figure 5-4(b). The spacings were compared with a variety of possible O-adsorbate surface 

structures on both, Ni(100) and Cr(100) surfaces, and the theoretical spacings and respective 

percent error {%} are provided in the table included in Figure 5-4(c).37 The Cr(100)-p(22)O 

ordered phase best fits the measured spacings, and a model surface structure is illustrated in Figure 

5-4(d) where the p(22) unit cell is marked in grey. The green square illustrates correspondence 

between the model and topography image, also marked with a green square in Figure 5-4(a). The 

deviation between experiment and reported theoretical values for Cr(100)-p(22)O is well within 

the experimental error.  

The presence of this atomically resolved adlayer highlights a BCC Cr(100) lattice region 

is embedded within the FCC Ni-Cr(100) alloy surface and emphasizes oxidation can induce phase 

separation of the alloy. The Cr(100)-p(22)O surface section is rotated by approximately 27o with 

respect to the NiO lattice. It should be noted that we cannot see the oxide-alloy interface itself, 

therefore it is possible the BCC layer has a unique epitaxial relationship with respect to the 

surrounding FCC matrix.38–41 The presence of this Cr(100) phase is evidence that the surface 

composition of the alloy changes significantly after O2 exposure and the alloy surface can no 

longer be considered simply as a FCC Ni-Cr(100) random solid solution. This analysis confirms 
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the formation of areas with pure Cr surface layers, which form by phase separation from the alloy 

and present the characteristic Cr(100)-p(22)O surface.  

After 18 L of O2 the Cr(100)-p(2×2)O surface dominates the regions between the NiO, 

along with the oxide rows and faceted-oxide features. These oxides offer significant challenges in 

their assignment and are discussed in this paragraph in more detail. Both features are commonly 

seen adjacent to the Cr(100)-p(2×2)O surface structure, and examples can be seen in Figures  5-

4(a), 5-5(a) and 5-5(b). Their proximity to known segregated regions of Cr(100), as well as their  

 

 
Figure 5-5. Topography of the oxide rows and faceted oxide feature (tentatively assigned as Cr-oxides) 

are provided in (a) and (b). The STS curves of each of these features is shown in (d)-(f). Specifically, the 

STS for the p(2x2) and oxide rows (Figure (d) and (e), respectively) were both taken from their respective 

regions shown in image (a). A close up of the normalized spectra near the Fermi energy is superimposed 

over (d) and a band gap distribution of the oxide rows is superimposed over (e). The STS for the Cr-

oxide, (f), was taken from the topography image (c). The image in (a) was measured at Vbias = -3.0 V, It 

= 0.1 nA, while (b) and (c) were both measured at Vbias = -3.0 V, It = 0.05 nA. All scales bars are 10 nm. 
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distinctive geometric and electronic structures from that of the NiO, we assign them to the Cr-

oxidation pathway and tentatively ascribe them as “Cr-oxide rows” and “faceted Cr-oxide” layers, 

respectively.  The “Cr-oxide rows” are geometrically distinct from the NiO or previously reported 

chemisorbed adlayers, and the spacings between the rows are quite varied, supplementary 

information Figure 5-S5. The Cr(100)-p(2×2)O surface presents a nearly metallic signal, while 

the Cr-oxide rows have a significant variability in their electronic structure with an average band 

gap of 1.9 ± 0.1 eV, as shown in Figure 5-5(d) and 5-5(e) respectively. The band gap is smaller 

than that for the proper oxides, but higher than seen for the chemisorbed adlayer regions, indicates 

the presence of a surface oxide as a transition state between adsorbate and fully formed oxide. 

Figure 5-5(c) illustrates the “faceted Cr-oxide” features adjacent to the Cr(100)-p(2×2)O regions. 

The tunneling current from the filled states in STS is very small, and indicative of the insulating 

nature of the oxide feature, Figure 5-5(f). A periodic surface structure with rectangular symmetry 

is observed when their filled states are measured with a rather high Vbias = -3.5 eV, which is 

included in the supplementary information Figure 5-S6.  

The chemical nature of these oxides remains open to interpretation, and is challenging to 

resolve like most oxide surface structures. It has been demonstrated that Cr2O3(100) surface 

configurations are susceptible to local oxygen content and oxygen partial pressure variations,42–46 

and a simple feature matching approach might not be informative in this case. We propose that 

when taking into account both the electronic and geometric structure of the Cr-oxide rows and 

faceted Cr-oxide features, and their proximity to regions of segregated Cr(100), that they might be 

a manifestation of the intermediate stages of Cr-oxide growth on the Ni-Cr(100) surface. While 

we have assigned these two oxides to the overall Cr-oxidation pathway, we are hesitant to be more 

definitive about their stichometry and crystallography, hence the relatively vague nature of their 
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labels as “Cr-oxides.” This result is in agreement with the generally reported observation that 

Cr2O3 growth on Ni-Cr alloys is slower than the formation of NiO during the initial stages of 

oxidation.8,9,47 

 

5.3.3 Next layer NiO growth: Chemical fluctuations across the superlattice  

The oxidation pathway of the NiO initiates at the alloy step edges, presenting as a NiO-

NiCr(7×8) superlattice, and as oxidation progresses the terraces become saturated with the NiO-

NiCr(6×7) superlattice following a cube-on-cube epitaxy.7 As the total oxide coverage increases 

small areas of second and third layer NiO begin to appear. Figure 5-6(a) displays the topography 

image of the NiO after 18 L of oxygen exposure, and an image inset showing the emerging next  

 

 
Figure 5-6. (A) is the topography of the NiO-NiCr(100) superlattice structure and an accompanying 

DOS map (B) at Vslice = -2.7 V. The image inset in (a), 20×20 nm2, shows the orientation of the next NiO 

layer and is from a Ni-12wt.%Cr(100) sample. The white arrows point to small protrusions in the NiO 

found over the groove site of the superlattice. The red and black dots represent the superlattice top site 

and the groove site, respectively, where the averaged normalized dI/dV spectra (20 curves) were taken. 

The inset above the normalized spectra shows the difference in DOS of the respective sites. (D) is a 

distribution of the band gap values taken from the entire DOS map in (b). Image (a) was taken at Vbias = 

2.0 V, It = 0.1 nA and the inset at Vbias = -1.0 V, It = 0.1 nA. The scale bar is 10 nm. 
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layer. The next layer is always seeded along the NiO-NiCr(67) superlattice groove site. Small 

spherical embedded protrusions can be seen between these grooves, as indicated by white arrows 

in the topography image, Figure 5-6(a) and could represent the nuclei of next layer growth. A line 

scan across these features is included in the supporting information Figure 5-S7. Indeed, the 

superlattice sites – grooves and top sites - differ subtly in the electronic structure of the valence 

band, which is seen in the grid STS DOS (density of states) map summarized in Figure 5-6(b).  

This figure was formatted from the spectroscopy results and is shown for Vslice = -2.7 eV. 

The variation in DOS across the surface reflects the registry of the superlattice: averaged STS point 

spectra (~20 curves) comparing the groove sites (black dot) with the top sites (red dot) are shown 

in Figure 5-6(c), and illustrate that the local variation in DOS is tied to differences in the valence 

band. The dI/dV curves indicate a 2 × 10−3 𝑛𝐴/𝑉 relative decrease in the differential conductance 

at the groove site, as compared to the top site. The corresponding band gap values from the entire 

DOS map are summarized in Figure 5-6(d), and a visualization of the corresponding band gap map 

can be found in the supplementary information section Figure 5-S8, along with a valence band 

maximum map. The majority of the spectra yield a band gap of about 3.5 eV, however the 

distribution is relatively broad. The electronic structure of the NiO across the superlattice is 

heterogeneous, and signifies chemical differences imprinted by bonding at the NiO and Ni-Cr(100) 

interface. We propose that the preference for the initial nucleation of the next NiO layer at the 

groove sites is connected to local electronic structure variations, and preferential diffusion paths 

for Ni created within the superlattice structure. 
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Figure 5-7. A model for the early stage oxidation of a Ni-Cr(100) alloy surface at 500 oC. Each stage of 

the oxidation process is highlighted with a diagram showing the evolution of each oxide product on the 

surface after low dosages of oxygen exposure. 

 

5.4 Discussion 

 

A general oxidation model is developed in Figure 5-7, where the oxidation pathways of the 

Ni and Cr are partitioned and described over 3 stages. The oxidation of Ni-Cr(100) surfaces has 

revealed the nucleation and growth of NiO begins at the step edges, while Cr-rich oxide particles 

form on the terraces (stage 1). As oxygen exposure increases, NiO grows laterally, across the 

terraces and a chromium rich phase nucleates and grows on the surface, which is (partially) covered 

in Cr(100)-O adlayers triggered by local Cr-segregation (stage 2). Further oxidation causes the Ni-

Cr(100) surface to become saturated with oxide and the NiO begins to grow vertically, primarily 

via the transport of Ni cations through the groove site in the superlattice, while the Cr-oxide grows 

into the alloy as subsurface Cr-oxide layers begins to form.8     

The early stage oxidation of Ni-Cr(100) alloy surfaces leads to structural and compositional 

changes along the alloy surface. After 7 L of O2 exposure at 500 oC, changes in surface free energy 
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initiate step-edge faceting via the growth of NiO wedges, low-angle grain boundaries that mitigate 

strain at the oxide-alloy interface represented by the NiO-NiCr(7×8) superlattice, and the 

formation of oxide particles along the terraces and some of the step edges. At low partial pressures 

of O2, these oxidation pathways will depend greatly on the adsorption of oxygen, which will be 

influenced by the d-bands of the Ni and Cr.12,35,48–50 Recently, it has been shown that Cr hybridizes 

more readily with the oxygen on Ni-Cr surfaces.12,35 These electronic effects enhance the 

propensity for oxygen adsorption at the Cr sites,  supporting the assumption that the oxide particles 

on our Ni-Cr(100) surface are likely Cr-rich. Similar particles have also been observed on Cr(110) 

surfaces,34 further bolstering this assignment, which indicates these clusters are a function of Cr 

and local chemistry, not of crystallographic orientation. As such, the local clustering and bonding 

of Cr atoms at or near the surface are important for initiating the growth of a passive layer on Ni-

Cr alloys. This behavior contrasts NiO growth, whose formation depends considerably on epitaxy.  

The distribution of Cr across the first two planes of a Ni-Cr(100) surface was evaluated 

using a MATLAB code, where Cr cluster sizes > 5 atoms increased significantly at about 15at.%Cr 

(~13wt.%). Given the size and shape of the oxide particles measured with our STM after 7 L, we 

can assume that the oxide particles are likely initiated on the filamentous Cr clusters, i.e. “strings” 

of Cr clusters. As a reaction to the initial O-adsorption event the local Cr diffusion is favored 

through a chemical potential gradient and leads to the formation of local clusters. While their 

formation is driven by the presence of Cr, they certainly can contain some Ni as a minor 

component.  

After additional oxidation (14 L cumulative) the NiO extends across the terraces, 

presenting as a NiO- NiCr(6×7) superlattice, and the oxide particles are no longer visible. The 

oxide clusters are thermally stable7 but transform into the (chemisorption) oxygen adlayers during 
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continued exposure, lowering the surface free energy and wetting the alloy surface. A variety of 

new surface structures with variable electronic signatures are now present. These have been 

observed on Ni-Cr(100) surfaces with smaller Cr content, but are only marginally related to surface 

structures on the corresponding pure metal surfaces.7 These chemisorbed adlayers are interpreted 

as metastable oxide phases, but their size and spacing disallow confident identification of the 

atomic scale structure (supplementary information Figure 5-S4).  

Continued oxidation (18 L cumulative) and the NiO has begun to undergo next layer 

growth, always propagating from the superlattice groove of the layer below. A heterogenous 

electronic signature is measured at these sites and is a consequence of the registry at the NiO-NiCr 

interface. Given the next layer of the superlattice is always offset by half a superlattice cell,7 the 

grooves are likely sites for the diffusion of metal atoms and defects. Distinct Cr(100)-p(2×2)O 

regions are also detected at this exposure, and are identified by their geometric spacing and mostly 

metallic electronic signature. Adjacent to the p(2×2) regions, Cr-oxide rows and faceted Cr-oxide 

regions are also found.  

The Cr(100)-p(2×2)O reconstruction is the first step in the surface transformation to oxide 

and its structure analysis confirms the presence of BCC Cr(100) phase separated regions, which 

are embedded in the alloy surface and serve as nucleation centers for Cr-oxide growth. Always 

adjacent to these segregated regions are Cr-oxide rows and are interpreted as an intermediate stage 

of chromia growth preceding the formation of a closed Cr-oxide layer. The faceted oxide regions, 

also attributed to the Cr oxidation pathway, are similarly found near phase-separated Cr(100) 

regions, and are assigned to the advanced stages of Cr-oxide growth. The reaction pathway towards 

the passive chromia layer is then described as progression from BCC Cr(100)  Cr(100)-p(2×2)O 

 Cr-oxide rows  faceted Cr-oxide. These results support the formation of phase-separated BCC 
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Cr(100) layers on the surface which predicate the formation of a passive chromia layer on Ni-

Cr(100).  

 

5.5 Conclusions 

 

The oxidation pathways of Ni-Cr alloys have been investigated by studying the evolution 

of partial surface oxides on a Ni-15wt.%Cr(100) sample. In this compositional space, the crystal 

structure of the alloy consists of a random solid solution of Cr atoms within a FCC Ni(100) lattice, 

however the progression of the Ni and Cr oxidation pathways drive changes to the crystal structure 

and chemistry of the Ni-Cr alloy. Step-edge faceting was observed where NiO growth initiated, 

while step edges with Cr-rich oxide particles remained curved. A greater number of these curved 

steps remained after 7 L of oxidation, as compared the oxidation of Ni-Cr(100) samples with lower 

Cr concentrations, suggesting that local compositional gradients need to be taken into account 

during the growth of partial surface oxides. As oxidation progressed, this point was further 

demonstrated by lateral segregation and phase separation of BCC Cr(100) via the observation of a 

Cr(100)-p(2×2)O phase. Neighboring these regions Cr-oxide rows and faceted Cr-oxide features 

were found, each displaying a unique electronic signature. As the alloy surface became 

increasingly saturated, next layer NiO growth initiated at the groove of the superlattice, which 

displayed electronic heterogeneity imprinted by the alloy-oxide interface. Understanding the 

oxidation pathways of partial oxide layers on Ni-Cr(100) alloys has given insight into the manner 

in which binary alloy systems undergo passivation within the pre-Cabrera-Mott regime.  
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5.7 Supplemental Data and Supporting Information 

 

5-S1 Alloy surface prior to oxidation 

 

 
Figure 5-S1. The topography (a), and band gap map (b) of the Ni-15%Cr(100) surface before 

oxidation, and band gap distribution (c). The topography image was taken before the 4×4 grid 

(Vsweep = ±1 V) STS, and image and band gap map are 40×40 nm2. The topography image was 

recorded with Vbias = 0.25 V, It = 0.5 nA. The scale bar on the band gap map is in eV. 

 

 

 STM and STS measurements summarized in Figure 5-S1 before oxidation confirm that the 

surface is metallic, and the band gap map illustrates the homogenous electronic structure in the 

surface. The band gap values extracted from the band gap map are summarized in the distribution 

in (c). This histogram, which shows the absence of a band gap in the metallic surface also serves 

as a test for the quality of the STS measurements.  
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5-S2 Image segmentation method used in cluster/island quantification 

 

 
Figure 5-S2. Example of image segmentation used to capture the oxide particle areas. (a) is the 

original topography image (22×22 nm2) measured at Vbias = 2.0 V, It = 0.1 nA. Images (b) and (c) 

represent the greyscale and segmented images, respectively. (D) is a line scan across the oxide 

particles. 

 

Images (a)-(c) represent the greyscale segmentation process that was applied to 8 different 

images to obtain the area coverage with oxide clusters observed early in the oxidation process. The 

segmentation was done using the total image height, darker pixels representing the local minimum 

height and lighter pixels the local maximum height, (d).  To best match the topography of the 

linescans a cutoff of approximately 20% above the minimum of the image apparent height (≥0.8 

Å) was used to isolate the islands, (c). This value was used to best match the true apparent height 

of the oxide particles which is then used to isolate the particles within the image. (d) is a line scan 

of the clusters measured with the STM analysis software Gwyddion, and shows how the radius of 

the clusters was determined from images.33  
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5-S3 Model of the random solid solution NiCr surface 

 

 

 
Figure 5-S3. Illustration of the rules used to define Cr-clusters on the Ni-Cr(100) surface, and the 

2nd layer below the surface. Periodic boundary conditions are illustrated with the labeled tetramer 

that spans the boundary in the y direction. This is a model surface used to illustrate Cr-atom 

distributions in the NiCr surface. The actual Monte-Carlo simulation was done using surfaces with 

typically 10,000 atoms.  

 

The alloy atomic layers were generated in MATLAB by using a random number generator 

to probabilistically assign Cr or Ni to each position in a matrix. Each matrix element corresponds 

to atomic coordinates and the matrix is typically around 100100 atoms. Two such matrices were 

created representing the surface plane, and the plane below the surface (2nd layer). Once these 

matrices are generated, the atoms in the 1st layer are scanned for Cr atoms, and when one is found, 

all positions adjacent to this atom (8 neighbors in the same layer, and 4 in the 2nd layer) are scanned 

for additional Cr atoms to identify a potential cluster. To define the cluster, the code is called 

recursively on any adjacent Cr atoms that are found until all atoms in the cluster have been 

identified. Note that the first step of this program only scans for Cr atoms in the 1st layer, mandating 

that all clusters have at least 1 Cr atom on the surface to be counted. No distinction was made 

between Cr atoms that were adjacent laterally, diagonally, or from different planes, and a periodic 

boundary condition was used to eliminate edge effects in cluster counting as illustrated for the 

tetramer which is positioned on the left-hand edge and continued on the right-hand edge in Figure 

5-S3. 
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5-S4 Oxygen-chemisorption surface structures 

 

 

 
Figure 5-S4. Topography images of the chemisorbed oxygen adlayers / surface reconstructions 

observed on Ni-Cr(100) alloys after 14 L of oxidation at 500 oC. All the features shown above 

have been observed on both the Ni-15wt.%Cr(100) and Ni-12wt.%Cr(100) reported on an earlier 

publication, and we selected the highest quality images. The oxidation of 12wt.%Cr(100) was 

discussed in a prior publication where we focused on the Ni-NiO superlattices.[Ref. 7 in 

manuscript] Images (a) and (b) were taken from the Ni-15wt.%Cr(100) sample and images (c)-(f) 

on the Ni-12wt.%Cr(100) sample. These surfaces have been observed with different STM 

parameters, which are provided in table (g). Image (a) and (b) were both measured at Vbias = 2.0 

V, It = 0.1 nA, image (c) at Vbias = 3.0 V, It = 0.05 nA, (d) at Vbias = 0.1 V, It = 0.1 nA, (e) at Vbias 

= 3.0 V, It = 0.1  nA, and (f) at 2.0 V, It = 0.05  nA.    

 

 

After 14 L of O2 exposure the Ni-Cr(100) surface is covered in a variety of chemisorbed 

oxygen adlayers. Images (a) and (b,c,d) are examples of the hexagonal and cross-type features, 

respectively, which are named here following their general appearance in the topography images. 

These are the two most frequently observed surface features, and were measured on different areas 
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of the Ni-15wt%Cr(100) sample. The appearance of the cross-type reconstruction is strongly bias 

dependent, and has been observed repeatedly in our work on Ni-Cr(100) surface and presents 

periodic depressions that arranged in the shape of crosses at high positive bias voltages. Image (d) 

shows another example of the cross-type reconstruction from the same area as (c), but measured 

with a lower bias voltage and tunneling current than (b).  

An oxide adlayer with square geometry is also occasionally observed adjacent to the cross-

type reconstruction, and is marked with a dashed outline in (e) and (f). The spacings measured 

between the protrusions do not correspond any other reconstructions, surface oxides, or oxide 

layers described in the literature and remain at present unresolved in terms of their atomic structure. 

A variety of reconstructions have been observed during Cr(100) oxidation, 7,23–28 some of which 

have similarities in general appearance but not in dimension to the adlayers presented here. The 

effect of O2 content on the lattice spacings of Cr2O3(100) has also been reported.42–46 We propose 

tentatively that these adlayers emerge due to the interplay of O, surface vacancies, fcc and bcc-Cr 

regions on the surface. The variability observed across Ni-Cr(100) surface strongly suggests the 

presence of metastable intermediate surface oxides that predate the formation of the chromia layer, 

and define ultimately the structure of the alloy-NiO and alloy-chromia interfaces. The variability 

in surface structures is particularly large at this oxidation step, and is reduced significantly after 

18 L of exposure on Ni15wt%Cr. 
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5-S5 Geometry of oxide rows with Egap>1 eV: companion to Figure 5-5 in main body of 

manuscript.  

 

 

Figure 5-S5. After 18 L exposure: A histogram of the spacings between the oxide rows (a). The 

STM image (b), measured at Vbias = -3.0 V, It = 0.1 nA, shows the rows and the spacing between 

them is marked by white lines. 

 

This histogram, (a), represents the spacings between the maximum heights, or protrusions, 

of the oxide rows found on the surface adjacent to segregated Cr(100)-p(2×2)O regions at 18 L of 

oxidation. An example of these features is shown in (b), with white lines highlighting the distance 

between the rows. All line scans were done at either Vbias = -3.0 V, It = 0.1 nA or It = 0.05 nA. No 

measurable difference can be detected as a function of tunneling current. The average spacings 

between the rows was found to be 𝑑𝑜𝑥𝑖𝑑𝑒 𝑟𝑜𝑤𝑠
𝑎𝑣𝑒 = 9.5 ± 0.5 Å. These spacings do not correspond to 

any known oxide feature, and cannot be explained with a poorly resolved reconstruction from the 

portfolio described in S4. Given their vicinity to the BCC segregated Cr(100)-p(2×2)O regions, 

these are tentatively interpretated as intermediate phase of the Cr-oxide, respectively a surface 

oxide which is positioned in the reaction timeline from Ni-Cr(100)  Cr(100)-p(2×2)O  “Cr-

oxide row”  “faceted Cr-oxide” feature  chromia. Note that this interpretation remains 

speculative at present and our interpretation relies heavily on the time evolution of the different 

surface feature with oxygen exposure.  
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5-S6 Surface topography and structure of square nodules 

 

 
Figure 5-S6. (a) Bias dependent topography images for one of the faceted islands/nodules which 

are frequently observed at higher oxygen exposure. Image (b) corresponds to the 10×10 nm2 area 

outlined by the dark blue box in (a), along with its corresponding FFT pattern. The line scans, (c) 

across the minima in the periodic structure. A ball and stick model, (d) of the Cr2O3(100) surface. 

All scale bars are 10 nm. 

 

The square, faceted nodules, are tentatively interpreted as Cr-oxides, and only observed on 

the Ni-Cr(100) surface later in the oxidation after a cumulative 18 L exposure. The faceted 

structures are typically surrounded by a NiO step edge or NiO wedge and are found usually 

adjacent to the Cr(100)-p(2×2)O structure. Their vicinity to segregated regions of Cr(100), and 

appearance only at larger oxygen exposure suggest that they are connected to the initial growth 

stages of Cr2O3 which is characteristic behavior of initial grow on Ni-Cr8,9,47. The three topography 

images shown in (a) were recorded at different bias voltage. A periodic structure is observed when 

Vbias = -3.5 eV, It = 0.05 nA. The large bias voltage required to achieve a reasonable resolution is 
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in agreement with an oxide surface. An FFT pattern highlights the rectangular symmetry of the 

periodic structure. The line scans in (c) across the minima also reflect this rectangular symmetry 

and an average spacing of 𝑑1
𝑎𝑣𝑒 = 6.2 ± 0.1 Å and 𝑑2

𝑎𝑣𝑒 = 7.1 ± 0.1 Å is observed.  

A comparison with the Cr2O3(100) surface 51 remains inconclusive, and challenging since 

this surface is subject to significant variations as a function of O2 activity and partial pressure on 

the surface structure of Cr2O3 surface.42–46 Alternatively, the peculiar square nodules can result 

from NiO layers, which are structurally decoupled from Ni-NiO interfacial structure and hence do 

not present the characteristic superlattice, although the rectangular surface features do not agree 

with this interpretation but are certainly subject to sub-optimal imaging conditions on an insulating 

surface.  
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5-S7 NiO-superlattice – 2nd layer growth 

 

 

Figure 5-S7. A line scan and 20x12 nm2 topography image (Vbias = -3.0 V, It = 0.1 nA), of the 

NiO-NiCr(6×7) superlattice structure. 

 

 

A line scan and STM topography of the NiO-NiCr(6×7) superlattice structure. The line 

scan reveals the small protrusions between the overlap site of the NiO are approximately 1 nm in 

lateral size with an apparent height of 0.08 nm. These small features rest about 0.1 nm below the 

top of the superlattice structure of the NiO. Arrows are set over the image and line scan to guide 

the eye.  
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5-S8 NiO-superlattice – 2nd layer growth – complete set of STS maps 

 

 
 

Figure 5-S8. (a) 40×20 nm2 topography image taken at Vbias = 2.0 V, It = 0.1 of the NiO-NiCr(100) 

superlattice structure and the corresponding DOS map showing the local density of states at Vslice 

= -2.7 V. The map in (c) represents the same area visualizes energy position of the valence band 

minima, and (d) the band gap values in the window between 2 and 4 eV. 

 

 

 The area depicted in the main body of the manuscript in Figure 5-6, is shown here with its 

corresponding LDOS map (b), VBM map (c), and band gap map (d). There exists a contrast across 

the NiO-NiCr(6×7) superlattice, which is reflected in the STS measurements, and is a result of the 

presence of coincident Ni-NiO and non-coincident Ni-NiO sites in the superlattice. These sites 

present distinct electronic signature.  
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Chapter VI: The Evolution of Nanoscale 

Oxides on Ni(111) and Ni-Cr(111) Surfaces  

 

 

6.1 Technical Background 

 

 An in situ STM study reported in the literature has previously considered the initial stages 

of Ni(111) oxidation.1 When oxidized at 400 K or above, the adsorption of O2 was found to 

commence with the formation of a Ni(111)-p(2×2)O reconstruction. After sequential oxidation 

steps, oxide growth initiated at the step edges and NiO(100) was observed, while triangular 

NiO(111) islands grew after larger O2 doses.1 The initial oxidation behavior of Ni(111) has also 

been observed with low-energy electron microscopy in conjunction with theoretical electron 

reflectively calculations, where both NiO(100) and NiO(111) grew at different temperature 

ranges.3 At a temperature of 750 K, NiO(111) islands coexist with the unreacted metal surfaces 

after sequential oxidation up to about 1000 L. Rotated with respect to the underlying metal (111) 

surface, NiO(111) domains with a varying level of tilt are found to have nucleated at different 

areas across the sample. Theoretical calculations of the LEED patterns reveal the oxide layer 

grown at these temperatures is 2-3 atomic layers thick. DFT studies on Ni-Cr(111) alloys have 

shown the presence of Cr enhances oxygen absorption.4–7 An increase in the maximum oxygen 

absorption energy is found when multiple Cr atoms are present at the surface,7 suggesting that 

local segregation in the alloy will have an effect on this surface. To date, and the best of our 

knowledge no experimental studies have been conducted to observe the oxidation of Ni-Cr(111) 
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surface and there exists a gap in our understanding of how these surfaces saturate with oxide and 

in what ways the crystallography effects the early stages of oxidation in comparison with 

NiCr(100). 

 

6.2 Methods 

 

Ni(111) and Ni-18wt.%Cr(111) thin films, approximately 30 nm thick, were deposited on 

MgO(111) substrates by electron beam evaporation. The rates prior to deposition were measured, 

and the composition of the Ni-18wt.%Cr(111) thin film verified ex-situ, by energy dispersive 

spectroscopy (EDS). The deposition and EDS measurements are described in chapter III. The 

sequential oxidation of both the Ni(111) and Ni-18wt.%Cr(111) thin films took place in our UHV 

chamber where oxygen was introduced through a sapphire leak valve while the thin films were 

held at 500 ºC. After each oxidation step the samples were allowed to cool before the surface 

evolution was measured with STM and STS. Each sample was deposited, measured and oxidized 

on different days but with the same tip. The topography data were analyzed using Gwyddion and 

MATLAB and the spectroscopy data was formatted into STS maps following the procedures 

outlined in sections 3.9. The experimental setup and oxidation conditions were identical to those 

used for the Ni-Cr(100) surfaces described in chapter IV and V. 

 

6.3 Results and Discussion 

 

 After the Ni(111) and Ni-18wt.%Cr(111) thin films are grown, they were sequentially  
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Figure 6-1. (A)-(C) STM images of the Ni(111) and (D)-(F) Ni-18wt.%Cr(111) surfaces before and after 

oxidation at 500 oC. The image inset in (C) highlights the ordered p(2×2) adlayer that forms on the 

surface (10×10 nm2). The arrows in images (E) and (F) mark the Cr-oxide particles (blue) and larger Cr-

oxide nodules (green). Ni(111): (A) was measured at Vbias = 0.25 V and It = 0.5 nA, image (B) at Vbias = 

2.0 V and It = 0.1 nA, image (C) at Vbias = -1.0 V and It = 0.1 nA. Ni-Cr18wt.%Cr(111): image (D) was 

measured at Vbias = 0.15 V and It = 0.5 nA, while images (E) and (F) were measured at Vbias = 3.0 V and 

It = 0.1 nA.  

 

oxidized at 500 oC, and STM images before and after each oxidation step are shown in Figure 6-

1. The Ni(111) surface appears to saturate with oxide at a much slower rate compared to the Ni-

Cr(111) sample. The Ni(111) surface presents as a clean metal surface until 14 L, and small islands 

of Ni(111)-p(2×2)O are observed on the surface, Figure 6-1(C). Areas of unreacted metal are 

found  between the ordered oxygen adlayers, which is consistent with literature.1,3 While no oxide 

islands were observed during these exposures, it is possible the STM tip was rastered between 

areas on the sample that had not yet undergone oxide growth.3  

The oxidation of the Ni-18wt.%Cr(111) thin film results in oxide coverage after just 7 L 
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of O2, Figure 6-1(E). Small oxide particles have nucleated across both, the terraces and steps, and 

are marked with blue arrows. These particles resemble the disk-like Cr-oxide particles observed 

on other low-index Ni-Cr and Cr surfaces.8,9 Smaller regions of “smooth” oxide, comprised of 

periodic rows, appear adjacent to these oxide particles. These patches extend across the terraces of 

the alloy and are pinned between its step edges. The oxidation of a Ni(111) surface studied with 

STM found NiO(100) presents a similar periodic structure and growth characteristics as this 

feature.1 An additional +7 L oxidation (14 cumulative), the smaller oxide particles (blue arrows) 

remain, and larger oxide nodules (green arrows) are now visible across the surface, Figure 6-1(F). 

Areas that are still covered by these smaller particles appear to have laterally grown in size. 

Generally, after this oxidation step the regions of “smoother” oxide coverage is greater on terraces 

with the larger oxide nodules present, as compared to terraces populated with the smaller oxide 

particles. Initially, distinct oxide features are found across the surface, and to better understand the 

variation in the oxidation pathway of the Ni(111) and Ni-Cr(111) surfaces, each of these features 

will be discussed. 

 The initial oxidation of the Ni-18wt.%Cr(111) surfaces commences with the growth of 

smooth oxide patches and the formation of small oxide particles. These features present differently 

in the STM images and their size and shape vary significantly with bias voltage, Figure 6-2. When 

alloy-oxide surface is measured at Vbias = -3.0 V, the oxide particles appear as large protrusions 

and while a continuously smooth oxide patch extends between the step edges of the alloy, Figure 

6-2(A). Once the bias voltage is changed to -1.0 V the surface appears completely devoid of these 

features, and the step edges and terraces of the alloy can be seen, Figure 6-2(B). The regions where 

the smooth oxide patches are present appear to have driven the step edges to facet (white arrows 

in B), which is comparable to the oxidation of NiO(100).8 Differently spaced periodic rows across  
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Figure 6-2. STM topography images of the Ni-18wt.%Cr(111) surface after 7 L of exposure. Image (A) 

was measured at Vbias = -3.0 V and It = 0.1 nA, while image (B) was taken at Vbias = -1.0 V and It = 0.1 

nA. The variation in bias voltage has a clear effect on how the oxides visible on the surface, and at 

sufficiently low bias voltages the surface appears featureless. An image of the empty states, measured at 

Vbias = 1.0 V and It = 0.1 nA, is provided in the 25×25 nm2 image inset in (B) and small periodic rows 

can be seen. 

 

these regions are seen in the image inset in Figure 6-2(B), and present most prominently when 

measured at relatively low bias voltages 0.1-1 V. To better quantify each of these different oxides, 

more information is provided in the following paragraph about their geometric structure and how 

it evolves with increased oxygen exposure. 

 A high resolution STM image of smooth oxide patch can be seen in Figure 6-3(A), where 

periodic rows extend over the oxide. Line scans taken across the surface highlight the variation in 

periodicity and are provided adjacent to the STM image in Figure 6-3(B)-(D). Arrows, 

corresponding to the line scans, are overlaid on the image and point to the respective oxide features 

present. It is clear from the line scans that a number of differently ordered structures are present, 

and their average spacings are provided in each line scan. This varied periodicity is consistent with 

the a NiO(100)-Ni(111) structure measured with STM,1,2 however the geometry and relative 

orientation this NiO structure to the Ni-Cr(111) surface will need to be explicitly solved. Indeed, 

the NiO(111) forms relatively thick triangular structures, which we do not observe at these  
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Figure 6-3. High resolution image of the NiO-NiCr(111) interface. (A) The topography image is 12×12 

nm2 and was taken at Vbias = -0.1 V and It = 0.5 nA. The colored arrows superimposed over the image 

accompany in the line scans in (B)-(D), which guide the readers eye to the various periodic structures 

found on the Ni-Cr(111) surface after oxidation. 

 

exposures and temperatures. After a cumulative 14 L of oxidation, the NiO grows in total area 

coverage. The regions of increased coverage coincide with the growth of the larger Cr-oxide 

nodules, while the alloy step edges typically separate regions of NiO and the smaller Cr-oxide 

particles. 

 A quantitative assessment of the smaller oxide particles is given in Figure 6-4. These 

particles have been measured on a variety of different low-index Ni-Cr surfaces (chapter IV and 

V), as well as single grain Cr surfaces.8,9 Their existence appears uniquely related to the presence 

of Cr, and was discussed in detail in chapter V. These Cr-rich oxide clusters present differently 

after the 7 L and 14 L O2 cumulative exposures and grow in both height and lateral area, Figure 6-

4(A)-(B). Line scans are also provided to highlight these changes, Figure 6-4(C)-(D). Taking 

numerous STM topography images (same imaging conditions), the change in apparent height and  
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Figure 6-4. The growth of the smaller Cr-oxide particles after the 7 L and 14 L exposures on the Ni-

Cr18wt.%Cr(111) surface. The STM images after 7 L (A) and 14 L (B) and accompanying line scans 

(C) and (D). The change in both height (E) and area (G) of these particles is also provided. Both images 

are 25×25 nm2 and all data was taken at Vbias = 3.0 V, It = 0.1 nA. 

 

lateral area was quantitatively determined, Figure 6-4(E)-(F). After the first 7 L oxidation step at 

500 oC, the particles have a maximum apparent height centered at 0.21 nm, and an average oxide 

area of 4.99 ± 0.26 nm. An additional +7 L of oxidation (14 cumulative) and the particle’s 

maximum apparent height increases slightly to 0.33 nm, while their lateral area swells to an 

average of 8.42 ± 0.50 nm. The change in lateral area has exposed the underlying alloy surface, 

and will be discussed in more detail in the next paragraph. Cr-rich oxide particles of similar shape 

and size are found on Ni-Cr(100), demonstrating initial growth the passive chromia layer initiates 
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with the formation of these disk like particles at 500 oC. However, unlike the (100) surface these 

particles are still found on the surface after 14 L, where they undergo Ostwald ripening. More 

work is necessary to analyze the effects [Cr] on the initial stages of oxidation on Ni-Cr(111) 

surfaces and the growth of these particles.  

From the STM results, it is clear that after a cumulative 14 L of the oxidation three distinct 

oxides are present, the NiO, Cr-oxide particles and the larger Cr-oxide nodules. The electronic 

structure of the surface was measured to gain more insight into these oxide features. A 3x3 grid 

spectrum was taken with ±3.0 V over a 200×200 nm2 area, and the results were processed into 

DOS and band gap maps, Figure 6-5. A blue dashed box in the topography image in Figure 6-5(A) 

outlines the spatial region matching the DOS and band gap maps, Figure 6-5(B)-(C). Specific 

regions within these oxides are selected and the STS curves within that region are averaged (60-

120 curves) for a better signal to noise ratio, Figure 6-5(D). 

 

 
Figure 6-5. STS measurements of the Ni-18wt.%Cr surface after a cumulative 14 L. The STS data were 

taken from the blue-dashed square, marked in the topography image, and was formatted into an LDOS 

map (B) and a band gap map (C). The different oxides are marked accordingly in the STM image, the 

blue arrows pointing towards the smaller Cr-oxide particles and the green arrow pointing towards the 

larger Cr-oxide nodules. The averaged STS curves (30-60 curves) in (D) are marked with squares in (C) 

and provide details about the NiO (1), underlying Ni-Cr alloy (2), and the chromia layer (3). The STM 

topography was measured at Vbias = 3.0 V and It = 0.1 nA and is 200×200 nm2. 
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The NiO in this region (1) appears to be electronically homogeneous across most of this 

area, while small variations in band gap can be seen near the edges of the Cr-oxide nodules. More 

work will be necessary to determine if these fluctuations are statistically relevant or tip induced. 

The smaller Cr-oxide particles have a relatively large band gap and there is some evidence that 

this scales with the height of the particle; however additional work is required to obtain a better 

signal to noise ratio that proves this. Nonetheless, patches of metallic alloy (2) can be seen near 

these smaller particles, which is a consequence of the Ostwald ripening – Ni surfaces are oxygen 

depleted for the benefit of Cr-oxidation. Region (3) corresponds to the Cr-oxide nodules, where 

the DOS and band gap maps emphasize their insulating nature. Similar to the Cr-oxide nodules on 

the Ni-Cr(100), the entire electronic structure was not captured. The average (dI/dV)/(I/V) curves 

show the valence band is suppressed and cannot be effectively measured due to insufficient 

conductivity within the nodule when the voltage sweep of ±3.0 is used. The lack of conductivity 

in the valence band, whether due to the oxide thickness, defects or a wide band gap, is a 

consequence of a low number of states available for tunneling.10 

A schematic for the general oxidation behavior of a Ni-Cr(111) surface is provided in 

Figure 6-6. Given the distinctive manner in which each oxide phase developed across the surface, 

the oxidation pathways of the Ni and Cr are organized piecewise and described over 2 stages. 

 

 
Figure 6-6. Schematic for the oxidation of Ni-Cr(111) surfaces, capturing both Ni and Cr oxidation 

pathways at each stage. 
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The initial onset of oxidation (stage 1) begins with the growth of NiO(100) layers across the 

terraces. These regions are typically pinned between the alloy step edges and the Cr-rich oxide 

particles, which nucleate and grow on both the step edges and terraces. As oxygen exposure 

increases (Stage 2), the Cr-oxide particles undergo Ostwald ripening and new Cr-oxide nodules 

are found surrounded by NiO, which grows laterally across the surface where there is an absence 

of the smaller Cr-oxide particles. 

 

6.4 Conclusions 

 

 The sequential in situ oxidation of Ni(111) and Ni-18wt.%Cr(111) thin films at 500 oC has 

been studied with STM.  The STM images before and after each oxidation step have highlighted 

the effect of crystallography and [Cr] on the initial oxidation pathways of these surfaces. The 

Ni(111) surface was found to saturate with oxide at a much slower rate than the Ni-Cr(111) sample. 

The Ni(111) surface remains mostly metallic during oxidation and islands of Ni(111)-p(2×2)O 

adlayers are observed on the surface.1,3 The oxidation of the Ni-18wt.%Cr(111) alloy thin film 

commenced with the nucleation and growth two distinct oxide features after just 7 L of O2. A NiO 

layer formed across the terraces as small Cr-oxide particles were observed to have nucleated across 

both the terraces and some of the alloy steps.8,9 An additional +7 L oxidation (14 cumulative) lead 

to the growth of larger Cr-oxide nodules, similar to those found on Ni-Cr(100) surfaces after 

comparable exposures.. Some of the surface was covered by the smaller Cr-oxide particles, which 

grew in area and apparent height after the +7 L dose. Noticeably, greater NiO coverage was 

observed across areas adjacent to the larger Cr-oxide nodules, but almost no NiO was found to 

have grown directly neighboring the smaller particles. Instead, these smaller Cr-oxide particles 
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and NiO were separated by step edges, suggesting the growth of the Cr-oxide nodules is step edge 

limited. These results support the significant role of crystallography on the oxidation pathways of 

low index Ni-Cr surfaces.  
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Chapter VII: The Oxidation of Low-index 

Ni-22Cr Surfaces Captured in operando 

with SPELEEM 

      

 

7.1 Technical Background 

 

 The data presented in this chapter were measured on a polycrystalline Ni-22wt.%Cr sample 

and are still undergoing analysis. Details of the current results and information about ongoing work 

is provided in the results and discussion section of this chapter. These data were recorded at the 

MAX IV synchrotron facility in Lund, Sweden, with a spectroscopic photoemission low energy 

electron microscope (SPELEEM) where the oxidation process was captured in operando across 

the grain boundary between two low-index surfaces. The SPELEEM at MAX IV has been used to 

measure the oxidation of an aluminum alloy surface in operando at a range of temperatures.1 

During oxidation an assortment of the SPELEEM’s spectroscopic techniques (chapter III) were 

used to monitor the change in oxide thickness, chemical composition, and the lateral distribution 

of alloying elements. While not specific to our system of interest (Ni-Cr), the reader is pointed to 

the following reference if they desire more information about this technique and its ability to study 

the initial oxidation of surfaces.1  

During our experiment, we used XPEEM (chapter III) and made additional measurements 

across our surface using X-ray absorption spectroscopy (XAS) and X-ray photoelectron 
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spectroscopy (XPS) in the core and valence band regimes, respectively. Spectroscopic information 

taken with XAS or XPS on the oxidation phenomena across low-index Ni and Ni-Cr surfaces is 

available, and the details about these experiments is provided in the paragraphs below.2,3 XPS and 

XAS have also been used to measure spectra from the bulk NiO or Cr2O3 phases, 4–6 which will be 

used as references for our measurements as the oxidation proceeds. 

The effect of crystallography on the oxidation of Ni(100), Ni(110) and Ni(111) surfaces in 

UHV has been studied with photoelectron spectroscopy.2 When oxidized between 295 and 485 K, 

XPS core-level measurements show the oxidation sequence begins with the dissociative 

chemisorption of oxygen followed by the nucleation and growth of NiO. The effect of O2 exposure 

and temperature on the valence band of low index Ni surfaces and clean NiO has also been 

measured.2,4 During repeated oxidation steps, the Ni(111) valence band spectra shifts to higher 

binding energy and grows a shoulder about 2 eV below the Fermi energy.2 This shoulder eventually 

becomes the most prominent peak in the spectrum as the oxidation continues and corresponds to 

the NiO signal.4 Once the film grows laterally across the surface it thickens to a limiting coverage 

of 3 NiO layers and the growth rate of the film was determined to be Ni(110) > Ni(111) > Ni(100).2  

The chemical structure of Ni and Cr oxides has been measured with XAS. The Cr L-edge 

XANES spectra in a bulk Cr2O3 sample has been studied,5 as well as the absorption spectroscopy 

of small chromia oxide particles.6 XAS has also been used to measure the Ni L-edge XANES 

spectra of NiO.7 Both XAS and XPS can provide useful information about the chemistry and 

oxidation state of surfaces, and when used in tandem with XPEEM (chapter III), the initial 

oxidation phenomena can be captured  in operando. Therefore, a combination of these techniques 

will be used to study the early stages of oxidation simultaneously across two grains on a 

polycrystalline Ni-22wt.%Cr alloy surface at 500 oC. 
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7.2 Methods 

 

The polycrystalline Ni-22wt.%Cr alloy sample was annealed for 150 hr at 1150 oC to grow 

the grains of the sample, which facilitated measurements between the grains. After the anneal, the 

sample was polished to an EBSD finish (0.1 micron). The sample was then placed into the 

MAXPEEM lab prep chamber (Lund, Sweden) under UHV conditions (1.2×10-10 torr). The 

ambient oxide was removed by annealing for 1.25 hr at 600 oC. A set of flash anneals was included, 

where the sample was held for 10 s at 700-800 oC for 18 cycles to prepare a clean alloy surface. 

Prior to oxidation, a grain boundary on the Ni-22wt.%Cr sample surface was located by using the 

mirror electron microscopy (MEM) and EBSD measurements (made ex situ) provided 

crystallographic maps at this boundary, Figure 7-1. A green-dashed square superimposed over the 

MEM image in Figure 7-1(A) marks the area were the entire oxidation experiment was conducted. 

The EBSD map in Figure 7-1(A) aligns well with the grain boundary of the MEM mode.  After 

the alloy was cleaned, the sample was held at 500 oC during the oxidation steps: (1st oxidation) +5 

L – [p(O2) = 7.5×10-9 torr, 11 min], (2nd oxidation) +15  L – [p(O2) = 7.5×10-9 torr, 33 min], (3rd 

oxidation)  +45  L – [p(O2) = 7.5×10-9 torr, 99 min]. Throughout the oxidation, XPEEM recorded 

the evolution of the surface in operando by monitoring the Cr-L edge (577.5 eV) with the 𝜇-XAS 

and a spatial resolution of 25 nm per pixel. Both, XAS and XPS, spectra were recorded in the 

valence and core level regimes before and after each oxidation step. A complete table summarizing 

the different methods and reaction steps is provided below the MEM and EBSD map. Reference 

absorption spectra from the Ni and Cr L-edges before and after oxidation are provided in the 

supplemental data section, Figure 7-S1. 
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Figure 7-1. The surface of our polycrystalline Ni-22wt.%Cr sample. MEM image is provided in (A) and 

a EBSD map of the grains across the GB. A table (C) of the experimental techniques used during the 

experiment. VB stands for valence band, which was measured in the 𝜇-XPS mode with a photon energy 

of 100 eV. The XAS-movies refer to the in operando XAS measurements of the growth of the chromia. 

These were recorded during oxidation and energy filtered at 577.5 eV to monitor the the Cr L-edge.  

 

7.3 Results and Discussion 

 

 To capture the relative crystallographic orientation of the grains at the grain boundary, we 

performed LEED measurements. The grains were identified as (212) and (104) surfaces, which are 

stepped surfaces with (111) and (100) terraces, respectively. The LEED patterns accompany an 

energy-filtered image from the 𝜇-XAS measurements that shows the surface at the grain boundary 

prior to oxidation, Figure 7-2. The surface unit cell in reciprocal space is superimposed over the 

LEED patterns with a red dashed box, and the directions in the surface are deduced from the 

rotation of the diffraction pattern. The diffraction spots in the LEED pattern closer to the (000) 

reflection originate from the periodic terrace widths of each step on the surface (~0.7 nm on each  
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Figure 7-2. An XPEEM image of the (212) and (104) surfaces taken in the XAS-image mode  (Eslice ≈ 

580 eV). Next to each grain are the are the LEED patterns and hard-sphere models of each surface. 

 

grain). Hard sphere models of these stepped surfaces are also provided in Figure 7-2. Prior to 

oxidation, XPEEM measurements were taken across area of interest in both the core-level and 

valence band regimes and spectra from the 𝜇-XAS and the 𝜇-XPS were generated. The 𝜇-XPS was 

also used to probe the surface’s valence band (hv = 100 eV), which provided information about  

 

 

Figure 7-3. An XPEEM image (Eslice ≈ 95.2 eV) of each grain is constructed from the valence band 

spectra. The valence band spectra are taken from the areas marked by the yellow boxes in image. 
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Figure 7-4. XAS spectra of the Ni and Cr L-edge (2p core) taken across both grains (including the grain 

boundary) before the oxidation. 

 

the DOS of the alloy surface near the Fermi energy. The spectra from each grain, as well as an 

XPEEM image constructed from the valence band measurements, are provided in Figure 7-3. The 

valence band spectra highlight the electronic heterogeneity between each of the grains, and DFT 

calculations of these two surfaces are currently being compiled for interpretation of these results. 

The Cr(2p) and Ni(2p) 𝜇-XAS measurement in Figure 7-4 reflect the metal spectra and no oxide 

is detected.  

The oxidation commenced by leaking O2 into the chamber and the changes to the surface 

were monitored the Cr-L edge using XPEEM (𝜇-XAS, E = 577.5 eV) in operando, Figure 7-5. 

This energy window was chosen to monitor the chromia growth and provide maximum contrast 

changes at the surface (see methods section 3.4.1). During the first oxidation step (+5 L at 500 oC) 

small bright spots appeared across each grain and are marked with blue arrows on the 665 s image. 

These spots (oxide islands, surface oxides, or reconstructions) are primarily concentrated around 

the grooves of the polishing marks, while a few are found to have populated between those 

grooves. After a cumulative 20 L exposure the bright spots begin to show signs of anisotropic 

growth, and the flat regions on the surfaces are now well-covered. A film, marked with arrows in  
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Figure 7-5. Select times during the in operando oxidation at 500 oC across the (212) and (104) 

surface taken with the XAS-PEEM imaging mode. Contrast is from the intensity of the Cr-O 

feature in the Cr-L edge as shown in Figure 7-6. The scale bars are all 2000 nm and the images 

insets are each 2000×2000 nm2. 

 

the 1596 s image, has begun to preferentially grown along different directions across each grain, 

and this behavior continues as the oxidation proceeds.  

During the +45 L exposure, the film continues to grow, and the surface appears to reach 

full coverage around 5000 s. At this stage of the oxidation smaller features nucleate across the film 

and are marked on the 6421 s image inset in Figure 7-5. Initially, the size and shape of these 

nodules appear more isotropic, and they preferentially nucleate and grow on the (212) surface, 

where the number of nodules per nm2 is greater on the (212) surface as compared to the (104). As 

the oxidation progresses, the crystallography affects the growth behavior of the nodules, and the 

underlying film begins to undergo a chemical change in some areas. The change in the film 

manifests as a increase in area of “dark patches” in the XPEEM images. To better understand the 
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progression of the oxidation pathways on these two surfaces, chemical identification of the oxide 

phases is necessary.    

To this end, 𝜇-XAS spectra of the Cr(2p) and Ni(2p) core levels (L-edge) are measured 

after each oxidation step. 𝜇-XPS measurements in the valence band regime are also measured after 

a cumulative 20 L and 65 L exposures. These spectra are then spatially resolved across both the 

(212) and (104) grains with XPEEM, enabling feature matching. Comparing the XAS spectra after 

the cumulative 5 L and 20 L exposures, no characteristic modulation of the L-edge is seen, which 

would indicate the presence of Cr2O3 or NiO.6,7 At these low exposures, the only measurable 

difference in the XAS spectra is a change in relative intensity when spectra across the film (brighter 

areas in the XPEEM images) are compared to those taken from the darker background. The change 

in intensity is likely due a shift in work function that accompanies the formation of a thin oxide 

film on the surface, however the XAS signal surface-to-bulk ratio is too small to detect any 

chemical shifts. Indeed, our STM results (chapters IV, V, and VI) have shown that when low-index 

Ni-Cr alloy surfaces are exposed to low doses of oxygen (≥ 20 L at 500 oC), the surface becomes 

saturated with an atomically thin oxide layer.8 Consequently, at these exposures the oxygen dose 

is too small and the subsequent oxide phase too thin to accurately measure any shift in the XAS 

spectra. Valence band measurements were made after a cumulative 20 L of exposure and when 

coupled with DFT, these data should provide an avenue for chemically determining what oxide 

phase is present and how the O2 adsorption changes the DOS of the surface. This work is still on 

going and will be discussed later in this section. 

After 65 L of cumulative oxidation, changes to the absorption spectra indicate the presence 

of a significant amount of chromia. To determine the origins of this layer, a closer examination of 

the 𝜇-XAS filtered XPEEM data is necessary, Figure 7-6(A). It has been discussed that as the  
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Figure 7-6. An XPEEM image (A) after a cumulative 65 L of exposure at 500 oC. The Cr L-

edge XAS spectra (B) was taken from one of the nodules (red arrow in the image inset) and the 

surrounding background. The Ni L-edge spectra (C) was taken from the edge of one of the bright 

areas (green arrow) and one of the darker areas (blue arrow) on the (104) grain. For the XPEEM 

image the energy slice was taken at Eslice = 582 eV and the scale bar is 2000 nm. 

 

oxidation of the Ni-22wt.%Cr sample progresses, a film initially grows across both grains of the 

Ni-Cr alloy. “Film” is used here as a general expression to include oxygen adsorbates, 

reconstructions, and surface oxides since the spectroscopic analysis has not yet been concluded. 

Once this film saturates the surface around 5000 s, smaller nodules nucleate and grow amongst the 

film. Isolating an area of about 5×5 pixels (25 XAS spectra) centered at these nodules and 

comparing a similar number of spectra from the background, confirm the nodules are indeed 

chromia islands, Figure 7-6(B). The spectra taken from the background, the area between the 



  168 

nodules, reflects the Cr(2p) absorption spectra measured from the alloy prior to oxidation. The 𝜇-

XAS Ni(2p) absorption spectra is provided in Figure 7-6(C) and seems almost unchanged after 65 

L of oxidation. A small shoulder does appear on the right of the main peak and is consistent with 

NiO,7 however this spectra cannot be matched to any specific features in the images. Although 

there are slight modulations to the shoulder of the absorption peak (evidence of an oxide), it is 

likely the NiO is too thin to be accurately detected with the 𝜇-XAS at these exposures. 

While the 𝜇-XAS measurements show no chemical difference between the chromia 

nodules across the grains, the number of nodules per unit area is much greater on the (212) surface 

than on the (104). The 𝜇-XAS filtered XPEEM image in Figure 7-6(A) also shows this density is 

uniform across the (212) while the density across the (104) surface is not. It appears this effect is 

most prevalent on the (104) surface near the grain boundary, while the density increases and 

becomes more uniform further away. Currently, the XPEEM data are still evaluated and more 

work is necessary to understand the dynamic changes induced by oxidation at the surface. Details 

about the work presently being undertaken is discussed in more detail below.    

To better understand the nucleation and growth kinetics of the Cr-oxide islands of each 

grain, image segmentation with a level-set method has been employed in a collaboration with the 

Voorhees Group at Northwestern University. The level-set method is a computational method 

developed to numerically solve moving interface problems and can handle changes to the 

topography.9,10 This method can be used to smooth the interfaces and shapes of the Cr-oxide 

islands from the movies generated by the XPEEM. The general flow chart of this method is 

provided in Figure 7-7. First the Cr-oxide islands are isolated from the image background via 

segmentation (subsection 3.9.4), and then the interfaces of each of the islands are identified. Once 

the interfaces of each island have been determined, functions that represent the changes to each  
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Figure 7-7. The work flow of image processing to use the Level-set method. The flow progression XAS-

image segmentation and interfacial smoothing of the chromia islands on the (104) surface is provided 

above each step of the process. 

 

interface are constructed. The curvature of each interface is then averaged and smoothed, which 

will enable each interface to be studied as a function of time.  

 

 

 
Figure 7-8. The change in chromia island area during oxidation. Image (A) was taken after about 48 L 

and image (B) after about 65 L. Some preliminary results from the level-set method are provided in (C), 

which shows the growth of the chromia nodule as a function of time. 
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The changes to each constructed interface relate to the interfacial changes the Cr-oxide 

island, which evolve as a function of O2 exposure. This facilitates the direct analysis of Cr-oxide 

growth on each grain by determining changes to the oxide particle areas, particle interface lengths 

and the curvature and normal velocity of the growth fronts. An example of the growth of the 

chromia nodules on the (104) surface is highlighted in Figure 7-8. The images are taken from two 

different points during the oxidation, image (A) is after 48 L of O2 and image (B) after about 65 

L. One of the chromia nodules is marked with a red arrow in both images and its area changes 

linearly with time, Figure 7-8(C). While these results are preliminary, more work needs to be done 

to the image segmentation to accurately determine the velocities and curvatures of the growth 

fronts across each grain. This will enable a more complete understanding of how the 

crystallography effects the growth kinetics of the passive chromia layer at these temperatures. 

The 𝜇-XPS valence band measurements are also still under evaluation. After 65 L of 

cumulative O2 exposure, the surface still shows a significant level of heterogeneity between the 

grains. Spectra were measured over known areas of chromia nodules and in between those areas 

(i.e. the background), Figure 7-9(A)-(B). Currently, these data are being coupled with DFT, which 

is being done by the Árnadóttir Group at Oregon State University. To date, a Ni(104) surface have 

been generated and the DOS calculated, Figure 7-9(C). This will provide a better understanding of 

how the surface changes during oxidation.  
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Figure 7-9. Valence band measurements from 6 chromia nodules on the (212) surface (A) and 6 areas 

between the nodules on the (104) grain (B). The density of states (C) from the top 3 atomic layers of a 

Ni(104) surface. The red line superimposed over the Ni(104) DOS is that of a Ni(100) surface, 

highlighting the effect of the steps on the electronic structure of the surface.  

 

 

7.4 Conclusions 

 

Studying the oxidation of a polycrystalline Ni-22wt.%Cr sample in operando with 

SPELEEM provided a wealth of information. Combining in situ LEED and ex situ EBSD yielded 

crystallographic information about our sample, and the experiment was conducted at the grain 

boundary of a (212) and (104) grain. The 𝜇-XAS and the valence band 𝜇-XPS measurements 

revealed a clean metal surface. After a cumulative 20 L oxidation at 500 oC, changes to our Ni-
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22wt.%Cr surface were observed as a film grew across each surface, however little to no 

spectroscopic changes were measured and chemical identification of the oxide phases remains a 

challenge at these exposures. During the +45 L exposure, the initial film that grew saturated the 

surface and smaller nodules appeared across (212) and (104) grains. These nodules were confirmed 

with XAS to be chromia. A level-set method is used to monitor the growth of these nodules as a 

function of O2 and is currently ongoing. The 𝜇-XPS valence band measurements reveal a 

significant level of heterogeneity at the surface. Understanding what contributes to this 

heterogeneity requires the use of DFT and is still under evaluation.  
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7.6 Supplemental Data and Supporting Information 

 
Figure 7-S1. Alloy and oxide XAS spectra of a Ni-Cr15wt.%Cr sample surface before and after exposure. 

These results were taken by a group member (Cameron Volders) at Brookhaven National Lab. 
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Chapter VIII: Influence of Chloride on 

Nanoscale Electrochemical Passivation 

Processes 

 

 

      

8.1 Technical Background 

 

Ni-Cr alloys are known for their robust corrosion resistance in a wide range of 

environments. This property is due to the formation of Cr-rich oxides, along with NiO and 

hydroxides, which are thermodynamically and kinetically stable over a broad range of potential 

and pH1–5. In chloride solutions, however, these oxide films have been observed to undergo 

localized breakdown and dissolution in the form of pitting and crevice corrosion6–14. The 

interaction of aggressive anions with the passive film during passivation, brought about by 

combinations of high applied potentials and Cl- anions, initially causes local dissolution of oxide 

nanoparticles formed during passivation and consequently can lead to detrimental attack of the 

underlying alloy or metal15,16. In chloride environments in particular, this local attack manifests 

first as metastable pit events traceable to local instabilities in the oxide17,18, which repassivate or 

lead to stabilization of more persistent forms of local attack such crevice or pitting 

corrosion9,10,19,20. The repassivation after these metastable events can lead to oxide film thinning 

and/or enhanced susceptibility to dissolution21. Notably such events are not seen in sulfate 
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solution2. Preferential halide induced metastable pitting is more likely to occur at higher energy 

sites, such as a geometric or electronic surface inhomogeneities in the oxide, or local Cr-lean 

regions15. For metals and alloys, which are capable of initial passivation or healing by 

repassivation over a range of potentials in the passive range such as Ni-Cr alloys, the local 

breakdown-repair process is compensated by additional film growth at the metal/film interface22,23. 

The balance between film growth and dissolution at favored surface oxide sites will likely modify 

the composition of the oxide film and the surface and metal roughness over time.  

In addition to breakdown-repassivation events and metastable pitting, surface roughening 

could also occur by other chemical processes including preferential chemical dissolution and/or 

oxidative dissolution of regions of the oxide without breakdown. Moreover, the overall evolution 

and presentation of film roughness is not solely controlled by surface chemical processes but is 

also linked to initial nucleation events, growth modes of the passive oxide layer, surface energy 

modulation by adsorbates, and morphological instabilities18,24. The surface roughness, independent 

of its cause, can exacerbate local variations in dissolution rates by preferential dissolution at 

geometric inhomogeneities, which locally modulate the electrostatic field such as edges, corners, 

and grain boundaries of oxides, and reactivity variations due to chemical inhomogeneities such as 

different oxide identities or variations in defect population25,26. This involves dissolution at the 

oxide-solution interface, which thins the oxide. In the same vein, local fluctuations in Cr-

concentration, or variable orientation of the grains in the alloy can lead to modulation of the local 

oxide formation reaction27. However, both (chemical) roughening mechanisms, repassivation and 

chemical dissolution, are interdependent and repassivated pits might locally exhibit dissolution 

rates, which differ from those of the pristine film. Chloride adsorption has been observed in outer 

layer nickel hydroxides, as well as trapped at the oxide-metal interface when active Ni is passivated 
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in Cl- containing solutions28. The incorporation of Cl- in the hydroxide is proposed to occur by a 

ligand exchange process28. It merits comment that sulfate does not adsorb on α-chromia nor 

Goethite by a ligand exchange process but instead adsorbs without ligand exchange 32,33. 

Lastly, Cl- adsorption can affect surface and interfacial energies and thus can modulate 

oxide morphology and consequently surface roughness developed during nucleation and 

growth18,29,30. If heterogeneity of structure, composition and electronic properties of oxides 

contribute to differences in Cl- adsorption, which in turn alters the surface energy, then local 

oxide/hydroxide growth and morphology might be modified in even more complicated ways. The 

usual electrochemical description of passivation based on overall electrochemical current 

considers the global dissolution and growth kinetics averaged over the entire interfacial boundary, 

but neglects local rate fluctuations2. In these models, conformal oxide formation is assumed. Most 

models of aqueous passivation kinetics do not factor in the impact of lateral differences in 

dissolution rates and only a few models have started to take lateral variations and heterogeneity 

into account18,22,23,31. For example, recent theoretical models use the framework of morphological 

instabilities to describe oxide and oxide-alloy interface roughening18.  

We propose that the details of the oxidation process and passive layer evolution in Cl- 

solution should be further scrutinized by examining oxide film formation and exposure aging by 

combining electrochemical analysis in-operando with a quantitative assessment of surface 

roughness and oxide film composition by atomic force microscopy and XPS, respectively. To 

isolate the impact of local fluctuations in morphology brought about by the collective impact of 

Cl- on adsorption, repassivation, dissolution, changes in surface energy and possible changes in 

reaction rates, we compare passivation of the same Ni-22 wt% Cr alloy in solutions of equal pH 

but with variations in key anions: these include (a) a slightly acidified sulfate ion containing 



  178 

solution without intentional Cl-, which does not lead to oxide breakdown, and (b) a slightly 

acidified chloride solution, which is known to be very aggressive and a challenging environment 

for retaining passivity in the presence of instabilities and local breakdown at high potential driving 

force. We also included a hybrid experiment where a smooth oxide layer initially formed in a Cl- 

free sulfate solution is exposed to the aggressive chloride solution to test the role of surface 

topography on passivation and performance. 

Few experiments have been published to date which offer a direct comparison between 

global and local morphologies and reactions, and we briefly summarize here the results of the most 

pertinent studies for aqueous as well as dry oxidation. For the pure Ni metal, electrochemical 

passivation in aqueous solution has been studied by scanning tunneling microscopy (STM)34–38 

and atomic force microscopy (AFM)38,39. It was found that Ni forms an inner layer of NiO and an 

outer, porous Ni(OH)2 layer40. Pitting was observed preferentially at oxide grain boundaries with 

elongation of the oxide grains occurring in the direction of substrate terraces 36. 

With regards to Ni-Cr alloys, dry oxidation at high temperatures41–46 and passivation in 

various electrochemical environments2,47–54 have been investigated. Oxidation in air at 

temperatures above 600 °C leads to rapid formation of NiO before reaching a constant film 

composition, whereas Cr2O3 accumulates over time via interfacial and internal oxidation41,42,44. 

Higher temperatures, and higher Cr concentration in the alloy will favor Cr2O3 formation and 

growth over NiO55,56. At lower concentrations of Cr in the alloy (<15wt%), NiO dominates and is 

observed as initial oxide nuclei, which eventually coalescence to produce a conformal layer45. 

Recent work using in-situ transmission electron microscopy (TEM) demonstrated that oxidation 

in this regime occurred through an adatom surface diffusion mechanism44,45. Upon increasing the 
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bulk Cr concentration, the subsurface Cr2O3 coalesces and produces a continuous layer beneath 

the NiO thus greatly increasing protective function57–62.  

A local view of Ni-Cr dry oxidation was reported recently in an STM study63, which 

compared single crystal Ni(100) and dilute Ni-Cr(100) alloy surfaces. This work illustrates how 

lateral heterogeneity in an oxide can already be introduced during the initial steps of oxidation. 

The surfaces were exposed to O2 in-situ at 500 °C and characterized using scanning tunneling 

microscopy (STM) and scanning tunneling spectroscopy (STS) to develop an atomistic 

understanding of the oxidation process. The Ni(100) surface, under the aforementioned oxidation 

conditions, undergoes kinetically limited oxide growth requiring large oxygen fluences (> 500 

Langmuir (L)), whereas NiO nucleation occurs along the step edges of Ni-Cr(100) alloy after just 

7 L of O2 exposure. These results indicate that the activation barrier for NiO nucleation is 

significantly lower for Ni-Cr(100) alloy surfaces than for Ni(100). Additional annealing and 

oxygen exposure promotes NiO growth along the terraces and is accompanied by step bunching 

and reconfiguration of the alloy-oxide interface. Concurrently, Cr-alloying leads to the initial 

formation of small oxide particles across the terraces, which are identified as Cr-rich oxide nuclei. 

Further oxidation introduces novel surface reconstructions and contributes to the formation of 

large oxide nodules identified as Cr2O3 or NiCr2O4 as a consequence of the laterally 

inhomogeneous distribution of Cr on the surface. Recent work shows the presence of a much larger 

variety of oxide, which structurally present as rocksalt and corundum but provide significant 

composition variations. This can be described in the framework of solute capture55. 

Electrochemical oxide film growth on Ni-Cr in aqueous solutions has been characterized 

using electrochemical impedance spectroscopy (EIS)2,47,49–54, X-ray photoelectron spectroscopy 

(XPS)64, X-ray absorption near edge structure (XANES)48, Neutron Reflectometry65 and recently, 
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inductively coupled plasma mass spectroscopy (ICP-MS)2,65. In general, it has been found that in 

aqueous environments, the passive films are rich in Cr(OH)3 and Ni(OH)2. The growth progression 

is similar to those seen for dry oxidation; Ni-oxides nucleate first and coalesce rapidly whereas 

Cr-oxide enrichment is slower beneath the Ni-layer and eventually dominates the film 

composition2,50. Nickel oxide and hydroxide films are preferentially dissolved at pH 4, such that 

over 105 s of passivation, Cr cations are enriched40. Water molecules, however, hydrate the films 

and produce more defective hydroxide films2. Upon increasing the concentration of Cr in an alloy, 

the films are consequently enriched in Cr beyond the composition in the bulk alloy, which leads 

to more positive pitting potentials with a corresponding decrease in the frequency of metastable 

pitting events in chloride environments27. Prior literature has helped to identify the chemical, 

electronic, and physical structure of passive films on Ni-Cr, but very little work has been reported 

aimed at understanding the surface of Ni-Cr alloys during the early to intermediate stages of 

passivation and film growth in acidic and chloride-containing solutions25,40. Limited prior studies 

found Cl- may interact with Ni(OH)2 via a ligand exchange process where the hydroxide may form 

Ni(OH)Cl. Cl- 2p XPS data suggest that NiCl2 is not present, and Cl- incorporation in the inner 

layer remains controversial28,66,67. 

We present herein an investigation where the time-dependent electrochemical passive film 

growth on binary Ni-22 wt% Cr is studied using single frequency EIS (SF-EIS) to examine 

passivation in-situ, coupled with ex-situ AFM imaging and analysis of the evolution of the surface 

topography and roughness. The passivation was achieved in dilute acidified NaCl solution, which 

was used in tandem with chloride-free acidified Na2SO4 at the same pH to understand the impact 

of chloride anions on the nucleation, growth, and of passive films and their resultant topography. 

A similar study with pure Ni has been reported previously35. Measurements of the surface 
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roughness provide for a representation of the influence of chloride vs sulfate environments on 

localized passive film dissolution in acidic chloride solutions.  

 

8.2 Methods 

 

An arc-melted, cast, and rolled polycrystalline, solid solution Ni-22 wt% Cr alloy, which 

forms passive films, was used for all experiments. Metallographic indents marked the area of 

interest for in-situ electrochemical exposure, and ex-situ AFM analysis. The sample surface was 

metallographically prepared with mechanical polishing to 1 µm, followed by ion polishing.  

The solutions used for electrochemical testing were 0.1 M Na2SO4 acidified to pH 4 using 

1 M H2SO4, and 0.1 M NaCl acidified to pH 4 using 1M HCl, both prepared using reagent grade 

chemicals dissolved in 18.2 MΩ-cm resistivity deionized water. In addition, the electrochemical 

stability of a passive film formed in Na2SO4 in an NaCl environment was tested in a hybrid 

experiment: the sample was first subjected to the oxidation procedure in a sulfate solution at +0.2 

VSCE (potential with respect to a saturated calomel electrode) for 103 s in 0.1 M Na2SO4 pH 4, and 

was then removed and placed in another vertical cell that was filled with de-aerated 1.0 M NaCl 

pH 4. The same potential of +0.2 VSCE was applied for an additional 103 s. The resulting surface 

was removed from the cell, cleaned, and analyzed with AFM.  

The electrochemical cell for passivation experiments was a typical three-electrode flat cell 

with a Pt mesh counter electrode and a corresponding reference electrode (saturated calomel (SCE) 

for the chloride experiments and mercury-mercury sulfate (MMSE, +0.41 V versus SCE) for the 

sulfate experiments). The quiescent solutions were de-aerated using ultra-high purity N2 gas 

throughout experimentation. A Gamry Reference 600 potentiostat was utilized for DC and AC 
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tests. An initial cathodic reduction step at -1.3 VSCE for 10 min was utilized to standardize 

subsequent oxidation condition and reduce air-formed oxides68, followed by application of single 

frequency electrochemical impedance (SF-EIS)  at +0.2 VSCE conducted at 1 Hz frequency and a 

20 mVrms AC amplitude for up to 104 s. The measurement of the imaginary impedance, 𝑍𝑖𝑚𝑎𝑔(𝑡), 

enables calculation of the oxide thickness, 𝑙𝑜𝑥, (Eq. 8-1) and determination of the corresponding 

oxidation current density, 𝑖𝑜𝑥, (Eq. 8-2) as a function of exposure time. A set of reasonable 

assumptions regarding the dielectric behavior of the oxide thin film is made based on 

identifications of oxide/hydroxide species from XPS. The expressions to obtain 𝑙𝑜𝑥 and 𝑖𝑜𝑥 were 

used in the manner described in 2 and this publication includes an in-depth discussion of the 

validity and limits of this expression: 

𝑙𝑜𝑥(𝑡) =
(2𝜋𝜀𝜀𝑜𝑓)𝛼|𝑍𝑖𝑚𝑎𝑔(𝑡)|

𝜌𝛿
1−𝛼 sin (

𝛼𝜋
2 ) [1 + 2.88(1 − 𝛼)2.375]

 8 –  1 

 

𝑖𝑜𝑥(𝑡) =
𝑧𝐹𝜌𝑜𝑥

𝑀𝑜𝑥

𝑑(𝑙𝑜𝑥)

𝑑𝑡
8 –  2 

 

where 𝜀 is oxide dielectric constant, which is approximately 30 for typical oxides on Ni-based 

superalloys69, 𝜀𝑜 is the vacuum permittivity, 𝛼 is the constant-phase-element exponent determined 

by fitting a full EIS spectrum to a circuit model5, 𝜌𝛿  is the boundary interfacial resistivity set to 

450 Ω-cm based on 70, 𝑓 is the frequency of 1 Hz used in the experiment, and F is Faraday’s 

constant.  

The following oxide-dependent parameters were weighted for oxide composed of 70% 

Ni(OH)2 and 30% Cr(OH)3, which yields an average metal cation valency of z = 2.3, 𝜌𝑜𝑥 is the 

approximate passive layer density of 3.8 g/cm3, and 𝑀𝑜𝑥 is the molar mass of 95.8 g/mol2. These 
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assumptions of oxide composition and dielectric constant were at first based on observations of 

steady-state films, rather than transient ones, and are a valid approximations during film growth 

which can be concluded from prior studies40,55,65. The analysis also assumes a single conformal 

oxide, and should therefore be regarded as an estimate of the absolute passive layer. This estimate 

is relatively insensitive to +/- 15% changes in the composition which is within the limits of the 

film composition measured with XPS. 

Following electrochemical passivation, the samples were removed from the cell, rinsed 

with deionized water, and sonicated in ethanol to remove any residual salt from the surface that 

would obstruct imaging. The sample surface was probed with AFM consistently within 36 hours 

following passivation to minimize environmental impact on the surface topography, which can 

include ageing of the hydroxide surface layer. The surface topography of each sample was captured 

using an AFM with NT-MDT Solver Pro. The AFM tip, ETALON HA/NC with a radius of 

curvature less than 10 nm, was kept in tapping mode during imaging. The surface topography was 

quantified by using the RMS (root mean square) roughness measured on flat areas of the sample 

surface while avoiding distortions from polishing grooves. The RMS roughness was measured for 

several images (>5) positioned at different positions across the treated surface for each sample 

using Gwyddion71, an open source software package used for scanning probe microscopy analysis. 

To obtain consistent RMS values, each image was planarized by mean plane subtraction 

prior to RMS measurements. Line leveling artifacts in the horizontal scanning directions caused 

by exceptionally large particles were corrected by selective use of background corrections with 

linear or quadratic polynomials71. Area distributions were obtained by segmentation of the images 

using a threshold of approximately 50% of the largest surface feature height in a given image. 

Lower threshold values deliver pixelated images; the same is true for very smooth surfaces where 
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thresholding and area distributions are no longer meaningful. These thresholds were used for 

samples passivated in sulfate solution for 10s and 100 s, and for passivation in chloride solution 

for 10 s, 100 s, and 500 s, which corresponds to times just prior to completion of the oxide layer 

as evident from current decays over time. It should be noted that all AFM images are convoluted 

with the tip shape, and the diameter (area) of small protrusions and features will be overestimated. 

Initial measurements were 55 m2 and 22 m2 image areas, followed by the assessment of a 

significant number of smaller image regions (100100 – 500500 nm2), which are devoid of 

polishing marks, form the data set discussed in this work. Care was taken to probe several areas 

on the sample surface that in all likelihood include different surface orientations and grains with 

respect to the alloy. A selection of AFM images illustrating the process are includes in the 

Supporting Information as Figures 8-S2, 8-S3 and 8-S5. 

Following the same cleaning procedure as applied prior to the AFM measurements post-

passivation, XPS spectra were obtained using a Thermo Scientific™ K-Alpha™ XPS system 

equipped with a monochromatic Alkα photon source (E = 1,486.7 eV). Samples were transported 

in an inert Ar environment immediately after cleaning in order to prevent additional oxidation, and 

contamination of the surfaces. The angle between the sample and detector was fixed at 90° and 

that between the detector and the X-ray source was 54.7°. Spectra were calibrated to the 4f7/2 

binding energy of a metallic Au reference set to 83.98 eV. Survey spectra were recorded on all 

samples using a pass energy of 200 eV, followed by spectra of the Ni 2p, Cr 3p, and O 1s regions 

using a pass energy of 20 eV. Commercial CasaXPS software was used to perform Shirley 

background subtraction and peak fitting72–74. The concentration of Ni2+ and Cr3+ cations in the film 

were computed by fitting the spectra to the metallic peaks and the corresponding oxide and 

hydroxide species. The peak areas were corrected using the sensitivity factors for Ni and Cr:  4.044 
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and 2.427, respectively74. The equations used to obtain the metal cation concentrations are given 

as: 

𝜒𝑁𝑖2+ =

𝐴𝑁𝑖𝑂
𝑡𝑜𝑡 + 𝐴𝑁𝑖(𝑂𝐻)2

𝑡𝑜𝑡

𝑆𝑁𝑖

[
𝐴𝑁𝑖𝑂

𝑡𝑜𝑡 + 𝐴𝑁𝑖(𝑂𝐻)2
𝑡𝑜𝑡

𝑆𝑁𝑖
+

𝐴𝐶𝑟2𝑂3

𝑡𝑜𝑡 + 𝐴𝐶𝑟(𝑂𝐻)3
𝑡𝑜𝑡

𝑆𝐶𝑟
]

8 − 3 

 

𝜒𝐶𝑟3+ =

𝐴𝐶𝑟2𝑂3

𝑡𝑜𝑡 + 𝐴𝐶𝑟(𝑂𝐻)3
𝑡𝑜𝑡

𝑆𝐶𝑟

[
𝐴𝑁𝑖𝑂

𝑡𝑜𝑡 + 𝐴𝑁𝑖(𝑂𝐻)2
𝑡𝑜𝑡

𝑆𝑁𝑖
+

𝐴𝐶𝑟2𝑂3

𝑡𝑜𝑡 + 𝐴𝐶𝑟(𝑂𝐻)3
𝑡𝑜𝑡

𝑆𝐶𝑟
]

8 − 4 

 

where 𝜒 is the cation fraction, 𝐴𝑡𝑜𝑡  indicates the integrated peak area for the various chemical 

compounds in the passive film, and 𝑆 is the atomic sensitivity factor for Ni and Cr.  

The complexity of the Ni and Cr core level multiplet structures makes it challenging to obtain high 

quality and informative fits, which are suitable for a quantitative assessment of different oxide and 

hydroxide contributions72,75. In the same vein, the concentration of the NiCr2O4 spinel could not 

be extracted from the oxide contribution to the Ni2p and Cr2p core level peaks because we were 

not able to achieve reproducible and physically meaningful fit separating the NiO, Ni-hydroxide 

and spinel contributions. The integrated intensity of all oxide/hydroxide peaks on the other hand, 

can be reliably separated from the alloy/metal peaks for both elements due their larger binding 

energy difference, and deliver quantitative information on alloy and cation (oxide + hydroxide) 

contributions. The presence of hydroxide is confirmed in the O1s spectra, which have contributions 

from oxide (shoulder at ~529.3 eV), and hydroxides (main peak from ~531 eV to ~532.5 eV), and 

the highest binding energies (high binding energy tail) correspond to remnants of adsorbed water. 

The variability in hydroxide bonding leads to the rather broad main peak in the O1s spectra. The 
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thickness of the passive layers was estimated using the Strohmeier method76 (Supporting 

Information Figure 8-S4), which assumes a layer-by-layer growth, and can therefore be regarded 

only as a rough estimate of passive layer thickness. 

 

8.3 Results 

 

8.3.1 Overall Electrochemical Performance under Potentiostatic Conditions 

An initial investigation into the different performance of Ni-Cr passivation in a chloride 

versus sulfate solution was conducted by cyclic polarization from -1.3 to +0.8 VSCE at 1 mV/s 

following a 30 min hold at the system’s open circuit potential (OCP) where a passive film is formed 

prior to the potential sweep. The effect of chloride anions is evident in Figure 8-1, which shows a 

direct comparison between sulfate and chloride potential sweeps. Schematics of representative 

cyclic polarization sweeps for chloride and sulfate solutions are included in the Supporting 

Information Figure 8-S1 and serve as a visual guide in the interpretation of the experimental data 

shown in Figure 8-1.  The OCP is always more positive in sulfate compared to chloride solution 

whether recorded during upward or downward scans and is accompanied by a lower passive 

current density as low as ~8 10-7 A/cm2, which is indicative of the formation of a more readily 

passivated and corrosion resistant film. Additionally, the positive hysteresis in the polarization 

sweep (i.e., increased current density upon downward sweep) in chloride above a value of about -

0.1 VSCE suggests localized damage to the surface, such as pitting or crevice corrosion, which is 

assisted by chloride anion attack at the solid-liquid interface between the aqueous solution and the 

passive film. The halide attack on the passive film during potentiostatic growth impacts passive  
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Figure 8-1: Cyclic polarization behavior of Ni-22 wt% Cr in 0.1 M Na2SO4 and 0.1 M NaCl, each 

acidified to pH 4. Current measurements were obtained using a cyclic potential sweep from -1.3 VSCE to 

+0.8 VSCE and reversed back to -1.3 VSCE at 1 mV/s following a 30 min hold at the system’s open circuit 

potential (OCP). The passive current density, 𝑖𝑝𝑎𝑠𝑠 , can be assessed in the constant current regions 

indicated by the up arrows. The OCPs are found around -1.0 VSCE. For the E-log(i) behavior in the NaCl 

environment, the film breakdown potential, 𝐸𝑏 (+0.1 VSCE), is evident by the sudden increase in the 

measured current. Figure S1 in the Supporting Information includes a schematic representation of the 

cyclic polarization behavior in chloride and sulfate solution as a guide. 

 

film stability, as well as growth and enrichment of certain cations like Cr3+ compared to Ni2+ in 

the oxide over time. 

Additional tests were conducted on freshly polished samples by first reducing the film at 

the cathodic potential of -1.3 VSCE for 10 min and then immediately polarizing to +0.2 VSCE for up 

to 104 s. This anodic potential resides in the passive range and is well below potentials associated 

with breakdown and crevice or pitting corrosion, indicated by large increases in the measured 

current above 𝑖𝑝𝑎𝑠𝑠  with small increases in applied potential.  

Figure 8-2 shows the overall electrochemical reaction current densities, 𝑖𝐸𝐶, as well as EIS 

computed oxide thicknesses (right hand axis), and extracted current densities, 𝑙𝑜𝑥 and 𝑖𝑜𝑥,  
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Figure 8-2: Comparison of the total electrochemical, 𝑖𝐸𝐶 , and oxidation, 𝑖𝑜𝑥, current densities (e.g. 

reaction rates) along with oxide thickness, 𝑙𝑜𝑥, growth calculated using the SF-EIS method (Eq. 1 and 2) 

for Ni-22 wt% Cr in 0.1 M Na2SO4 and 0.1 M NaCl acidified to pH 4 using H2SO4 and HCl, respectively, 

during potentiostatic passivation at +0.2 VSCE with an applied AC frequency of 1 Hz and amplitude of 

20 mVrms . 

 

respectively. The oxide thickness, lox, was obtained using the SF-EIS method described in the 

Experimental Procedure section. In general, 𝑖𝐸𝐶 decreases during film growth from approximately 

10-4 to 10-6 A/cm2, corresponding to an increase in film thickness 𝑙𝑜𝑥 with time. The 𝑖𝐸𝐶 in chloride 

is consistently larger than the value measured in sulfate solution. This indicates the significant 

contribution of dissolution reactions occurring during overall film growth in a chloride 

environment. Figure 8-2 shows a negligible difference between 𝑖𝐸𝐶 and 𝑖𝑜𝑥 at early times 

comparing both solutions, and oxide formation dominates 𝑖𝐸𝐶. However, the difference between 

𝑖𝐸𝐶 and 𝑖𝑜𝑥  increases with passivation time as the overall reaction kinetics expressed by 𝑖𝐸𝐶  

decreases. Here the oxidation rate, 𝑖𝑜𝑥 , nearly equals the chemical dissolution rate of the oxide. 
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Therefore, a quasi-steady state film thickness is reached, and little further increases in 𝑙𝑜𝑥 can be 

observed. 𝑖𝑜𝑥 approaches 0 for the chloride solution at around 8103 s where 𝑖𝐸𝐶 approaches a 

quasi-steady state often referred to as the passive current density of the alloy-electrolyte system.  

The film growth rate now becomes equivalent to the dissolution rate and a film thickness of ~3.8 

nm is maintained. In other words, 𝑖𝐸𝐶 goes towards maintaining the steady-state oxide thickness 

which is continually dissolving at the oxide film-electrolyte interface, compensated by new oxide 

at the metal-electrolyte interface, with no net increase in 𝑙𝑜𝑥.  In sulfate, however, the small, but 

non-zero value for 𝑖𝑜𝑥 suggests that film growth is slow but continues even at 104 s.  

The shape of the 𝑙𝑜𝑥 curves as a function of passivation time suggests that the passive films 

nucleate, cover the surface, and then thicken faster in sulfate than in chloride solutions, which is 

commensurate with the more rapid increase in 𝑙𝑜𝑥 from 5 to 300 s. Figure 8-2 also shows that the 

steady state film thickness is larger in chloride  than in sulfate solution, which may be attributed 

to chloride anions either raising the driving force for the anodic passive film reactions or increasing 

cation vacancies, which enhances film growth22,31,77. Passive layer thicknesses estimated from the 

XPS data using the Strohmeier method yields similar relative increases in film thickness over time, 

and reflect the larger thickness of the passive films formed in the chloride solution (Supporting 

Information Figure 8-S4). This comparison includes the assumption of a layer-by-layer growth 

mode and as such should only be seen as in the case of EIS as a rough measure of passive film 

growth. The intent of this paper is to further explore these comparisons using atomic force 

microscopy. 
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8.3.2 Chemical Identity and Oxidation State Characterization of the Passive Films 

 The XPS spectra are summarized in Figure 8-3 and show the core level spectra for 

Ni 2p3/2, Cr 2p3/2, and O 1s as a function of passivation time. Cl 2p core levels peaks were observed 

for samples passivated in the chloride solution, and the concentrations were about 1.1% for 100 s, 

1.4% for 103 s, and 1.8% for 104 s and no Na core level was seen. The presence of Na was taken 

as an indication of insufficient rinsing of the sample after extraction from the solution, and the 

experiment was repeated and is not included here. The signal-to-noise ratio of the Cl 2p core level  

 

 
Figure 8-3: XPS spectra for (a,d) Ni2p3/2, (b,e) Cr2p3/2, and (c,f) O1s core levels for Ni-22 wt% Cr alloy. 

The spectra are normalized to the height of the respective alloy peak, and offset for clarity. Top row 

(a,b,c):  spectra after passivation at +0.2 VSCE for up to 103 s in de-aerated 0.1 M Na2SO4 pH 4 labeled 

“sulfate”, and bottom row (d,e,f) 0.1 M NaCl pH 4 labeled “chloride”. 
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is poor owing to the small concentration and does not offer any insight about bonding. The top 

row of spectra corresponds to passivation in de-aerated 0.1 M Na2SO4 pH 4 solution following 

Shirley background subtraction and normalization to unit height for the metallic peaks. The bottom 

row of spectra in Figure 8-3 shows the same core levels after passivation in the de-aerated 0.1 M 

NaCl pH 4 solution. The passive film was composed of predominantly Ni2+ and Cr3+, both present 

as oxides and hydroxides, which formed following the hydration of the former species. The 

intensities at the maximum of the oxide/hydroxide contributions are used for this calculation and 

positioned at ~855.6 and ~577.3 eV binding energy for the Ni2p, and Cr2p core levels, 

respectively. This is close to the peak positions cited for the most intense hydroxide peaks Ni(OH)2 

and Cr(OH)3, respectively, which are superimposed on the oxide multiplet structure leading to a 

complex peak shape. The metal peak positions agree with the literature values of 852.7 and 574.2 

eV for Ni and Cr, respectively72,75. For the sake of simplicity in the text we will henceforth label 

the oxide-hydroxide films as “oxide” but are fully aware of the chemical complexity of the layers. 

The overall increase in oxide thickness with time, and the larger oxide layer thickness observed 

for passivation in chloride solution from in-situ SF-EIS are summarized in Figure 8-2. 

The increase in the oxide thickness with passivation time is evidenced by the decreasing 

ratio of the metal-to-cation peak intensities for both core levels. The Ni-metal signal/oxide ratio is 

reduced from 10 to ~6 and Cr/Cr-oxide ratio is changed from 1.2 to 0.8 with increasing passivation 

time in sulfate solution; the Ni/Ni-oxide ratio decreases from ~6 to 4, and Cr/Cr-oxide from 0.7 to 

0.4 with increasing passivation time in the chloride solution. These values reflect the increase in 

film thickness but are modulated by variation in oxide composition over time as shown in Figure 

8-4. The higher Ni/Ni-oxide ratio is due to the Ni-rich alloy composition. The film thickness  
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Figure 8-4: Cation composition in the passive films as a function of potential step passivation time on 

Ni-22% Cr alloys computed from XPS spectra using Eqs. [3] and [4].  

 

estimate using the Strohmeier equation included in the Supporting Information Figure 8-S4 sums 

over all oxide and alloy contributions.  

 The change of cation composition of the passive film over time, which was calculated from 

the ratio of the oxide peak areas for Ni and Cr core levels using Eq. 8-3 and 8-4, is summarized in 

Figure 8-4. The films are initially rich in Ni2+ for both solutions, and their composition closely 

reflect the alloy composition. The Ni2+ contribution decreases with passivation time and is 

accompanied by Cr3+ enrichment. In the case of the chloride environment, the Ni2+ remains close 

to 80% until a relatively continuous oxide layer is reached at about 500 s and followed by an 

increase in the Cr3+ (chromia and hydroxides) contribution. The compositional variation in the 

passive layer during the entire passivation time is smaller for the sulfate solution compared to 

chloride. However, for shorter passivation times – before a continuous layer is formed - the oxide 
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layer grown in chloride solution exhibits less Cr-enrichment and increases steadily between 100 

and 103 s towards a Cr3+ concentration which exceeds the values measured for Na2SO4 solutions 

(Figure 8-4). At the longer times the passive film formed in NaCl is both richer in Cr3+ and thicker 

than that in Na2SO4.  

 

8.3.3 Evolution of Surface Topography 

The details of the passivation process are demonstrated in Figures 8-1 and 8-2, and the oxide 

surfaces were imaged with AFM at specific time intervals of exposure. The assessment of the 

surface topography and roughness yields information about the growth mechanisms of the oxide 

films. Clear trends are observed, albeit the complexity of the passivation process remains a 

challenge and defies easy interpretation. Figures 8-5 and 8-6 show representative linescans and the 

corresponding 3D AFM images of oxide films formed in sulfate and chloride solutions, 

respectively. A collection of images with different magnification is included in the Supporting 

Information as Figure 8-S2, and a selection of segmentation images, which are the basis for the 

area distributions, is shown in Figure 8-S3.1 and 8-S3.2. The image insets in S1 (500×500 nm2) 

depict representative image areas as they were used to obtain the root mean square (RMS) 

roughness, oxide particle height distributions, and oxide area histograms shown in Figure 8-7 and 

8-8. Figure 8-S5 illustrates the method used in the measurement of particle distributions, and 8-S6 

includes a graph of height distribution parameters for the sulfate solution results. 

Especially for shorter times the surfaces are visually rough and prominent features in the 

form of distinct protrusions can be identified. The line scans are selected to illustrate the difference 

between the protrusions and the smoother “background” which fluctuates by less than a nanometer 

in height across the sample. For sulfate solutions, the frequency of the larger protrusions is reduced  
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Figure 8-5: Representative line scans of the surface after passivation in sulfate solution. The red lines 

are crossing prominent protrusions on the surface, while the black lines represent the oxide surface in 

between the more prominent features. At 103 s the prominent features (protrusions) are rare and the 

majority of the surface shows a much flatter topography. 3D images are marked with arrows indicating 

the specific features included in the line scans. The height scales for the linescans were adapted to 

optimize visualization of features – the bar within each line scan panel corresponds to 1 nm in height to 

facilitate comparison.  

 

over time (Figure 8-5) and RMS roughness is equally diminished (Figure 8-7). For passivation in 

chloride solution, the overall roughness of the surface is retained and larger local fluctuations 

persist (see Figure 8-6, 104 s). The oxide evolution can be put into context with the results from 

the electrochemical analysis in Figure 8-2. The oxide thickness, 𝑙𝑜𝑥, for chloride and sulfate 

solutions levels off around 500 s, and 100 s, respectively, which is commensurate with formation 

of a continuous oxide layer, and establishing steady state conditions.  

The AFM images for all exposure times were characterized by RMS values averaged over 

several images, and image regions. The RMS roughness values for both the chloride and sulfate 
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Figure 8-6: Representative line scans of the surface after passivation in 0.1 M chloride solution at pH 4 

for 10 to 104 s. The red lines represent the most prominent protrusion in the oxide surface, while the 

black lines reflect the roughness of the oxide surface in between. At and after 103 s the surface is overall 

very rough and the assignment of prominent features becomes moot – the red line scan features the 

highest roughness region within the image. The height scales for the linescans were adapted to optimize 

visualization of features – the bar within each line scan panel corresponds to 1 nm in height to facilitate 

comparison. 

 

samples as a function of passivation time are summarized in Figure 8-7, height and area 

distributions are included in Figure 8-8. The surfaces studied here are covered by oxide islands  

and layers corresponding to specific passivation times. RMS roughness is an average value of 

features heights in a given image irrespective of the spatial distributions of the height values – it 

is a summation over all values displayed in the height histograms (see Figure 8-8A and C). The 

RMS values, and height distributions are complemented by area distributions (Figures 8-8(B) and 

(D)), which offer additional insight. 

The RMS roughness of the chloride sample increases from 0.59 ± 0.14 nm at 10 s to 0.75 ± 

0.17 nm at 100 s and remains unchanged for longer exposure times. The large error bar included  
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Figure 8-7: RMS roughness values for all samples used in the present work as a function of time. The 

large error bar for the chloride solution values stems from the inhomogeneity of the sample surface, 

which is not present in the oxides grown in sulfate solution. The data point for the hybrid experiment 

“sulfate+chloride” is located at 104 s and an RMS of 0.2. 

 

in the figure represents the area-to-area variability in the sample and is consistently larger than for 

any of the sulfate samples. On the other hand, the sulfate samples show a clear downward trend in 

RMS towards a morphologically homogeneous sample surface. The RMS roughness for the 

chloride solution is initially lower than its sulfate counterpart at 10 s during the nucleation phase. 

The lower RMS value can be a consequence of a high density of small oxide nuclei, and a 

consequently smaller average oxide-feature height (Figure 8-8). For all other exposure times the 

chloride sample exhibits a much rougher surface. Indeed, numerous 100 s chloride samples were 

studied and consistently yielded rougher surfaces commensurate with the broader height 

distributions.  

After 10 s of exposure the sulfate sample surface is relatively rough with an RMS value of 

1.05 ± 0.18 nm, which is also reflected in the broad height distribution of the oxide particles 

(Figure 8-8(C)). After an exposure of 100 s the RMS value is reduced to 0.51 ± 0.09 nm, and  
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Figure 8-8: The oxide surface height distributions (A–chloride) and (C–sulfate), and area distributions 

(B–chloride) and (D–sulfate) obtained by segmentation. All distributions are normalized to unit height, 

and the area distributions are fit with a log-normal distribution. Several 500500 nm2 images were used 

in each case to derive both area and height data, and the bin size for the area distributions is 200 nm2. 

The height distributions, which directly relate to the RMS calculation, were taken from images areas 

with zero slope. Figure S5 (Supporting Information) illustrates the method used for measuring the area 

distributions.  

 

decreases rapidly for longer times. According to the in-situ passivation data summarized in Figure 

8-2 a steady-state film thickness is reached shortly after 100 s in sulfate solution, and after 500 s 

in chloride solution. At the later stages of exposure (103 -104 s) segmentation of the images to 

obtain area distributions shows increasing coalescence (Figure 8-S2.1 and 8-S2.2). The height 

distributions in Figure 8-8(A) and 8-8(C) illustrate a rather different behavior for chloride and 
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sulfate samples: for sulfate samples the height distribution of the oxide-film features rapidly 

narrows and moves to lower values with increasing exposure time. In contrast, the height evolution 

of the film features in the chloride solution is erratic, remaining relatively broad for all times with 

no clear trend even after reaching steady state conditions. These dissimilar behaviors are also 

reflected in the RMS values (Figure 8-7) and an expression of large local variations in roughness. 

The heterogeneity in roughness might be a function of surface orientation of alloy grains27, or even 

local differences in the propensity of the alloy surface to react with Cl-, and formation of an initially 

much rougher interface. 

Figure 8-8 also includes the area distributions, which sum over all regions in the 

segmentation images with a height exceeding the threshold of ~50% of maximum height in a given 

image (Figures 8-8(B) and 8-8(D)). A schematic of this method is included in the Supporting 

Information Figure 8-S5. These distributions and the segmentation images reflect a degree of 

coalescence: isolated “protrusions” appear in the area histograms at lower values, while 

interconnected regions are counted in the “large area” tail of the distribution. The connectivity is 

not synonymous with RMS values, but adds to our understanding of surface topography evolution. 

For 10 and 100 s, the area distributions for the chloride samples broaden significantly, and the 

average oxide features cover 1000 nm2 at 10 s, 1700 nm2 after 100 s, and after 500 s the area 

distributions are relatively broad, and the average oxide feature size has increased to about 3500 

nm2. This is commensurate with coalescence and formation of a continuous layer as visualized in 

the segmentation images in Figures 8-S2.1 and 8-S2.2. The oxide features for sulfate samples show 

similar trends: as exposure time progresses from 10 s to 100 s, the average oxide feature area for 

sulfate samples increases from about 1000 nm2 to 2600 nm2, and then decreases for all longer 



  199 

passivation times. Overall, the broadening of the area distribution is more pronounced for chloride 

samples. 

The increased width of the area distributions occurs close to times when steady state layer 

thicknesses are reached as deduced from SF-EIS (Figure 8-2). The largest breadth of island size 

distributions is observed before a continuous layer is achieved, and decreases again once a 

continuous layer is formed. In layer-by-layer growth modes the roughness oscillates with each 

added layer, but in our system the island type growth only allows to see this effect for the initial 

film coalescence. All area distribution for continuous layers reflect the continued evolution of the 

oxide during steady state conditions, where growth at the interface is equilibrated with reactions 

at the solid-liquid interface. The changes in area and height distributions are now more subtle, 

particularly for the sulfate, but still visible in both the area and height distributions. The overall 

RMS roughness evolution is mostly driven by the feature height modulations.  

 

8.3.4 Effect of Surface Pretreatment on Film Stability 

The influence of chloride on breakdown was studied in a hybrid experiment, and combined 

sulfate and chloride environments in a sequential manner: an alloy surface was exposed to 0.1 M 

Na2SO4 pH 4 environment for 104 s, which corresponds to the longest time used in the time 

evolution experiments, and delivers the smoothest film surfaces in the series. Following the 

production of this smooth oxide film, the samples were exposed to 1.0 M NaCl pH 4 at +0.2 VSCE 

for 104 s to induce localized breakdown. However, no metastable pitting events were observed 

following this sulfate “pretreatment”, as shown in Figure 8-9 despite exposure to an even more 

concentrated chloride environment than discussed above. The subsequent AFM topography 

images do not show any additional roughening of the surface and identical RMS = 0.18 ± 0.02 𝑛𝑚  
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Figure 8-9: Passivation and pitting electrochemical current density vs time and corresponding surface 

topography in a sample pretreated/oxidized in 0.1 M Na2SO4 pH 4, and subsequently exposed to 1.0 M 

NaCl pH 4 for 103 s. Surface roughness, and topography are not changed by the second oxidation step in 

chloride solution, and no pitting events are seen; this data point is also included in Figure 8 at 104 s. For 

comparison, the surface roughness and Passivation and pitting electrochemical current density vs time 

of the same sample oxidized in 0.1 M NaCl pH 4 for 103 s is included - these are the typical conditions 

for oxidation used in the present work. 

 

values are measured after chloride exposure (for comparison an image of the surface after exposure 

to the pure chloride solution for 104 s is included). The passivation current density for the 

pretreated surface remains low for the entire 104 s of exposure time despite significant exposure to 

chloride. In contrast, the surface oxidized solely in chloride solution, however, exhibits metastable 

breakdown events at longer times (Figure 8-9), significant dissolution during the entire passivation 

sequence, and a consistently rough surface. The presence of the smooth sulfate layer prior to 

chloride exposure limits the otherwise detrimental impact of chloride exposure with respect to film 

breakdown.  
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8.4 Discussion 

 

Significant decreases in the observed film breakdown potential, 𝐸𝑏 , where film dissolution 

occurs and the current increases, along with an increase in the passive current density, 𝑖𝑝𝑎𝑠𝑠  were 

observed during upward scans in Cl- solution (Figure 8-1). This strongly implicates a significant 

interaction of Cl- with the passive film, which regulates anodic current density. In the presence of 

chloride anions in the aqueous solution during application of potentials, Cl- is expected to become 

adsorbed on both oxide and bare Ni-Cr alloy surfaces according to a potential and Cl- activity 

dependent adsorption isotherm78. In a study on Ni, radiotracer methods show a strong increase in 

Cl- coverage with potential in the active range interpreted to be Cl- adsorption on bare Ni, followed 

by a drop in Cl- coverage with passivation and then a slight increase with increasing potential in 

the passive range28. There is a strong effect of bulk [Cl-] on coverage but the coverage at anodic 

potential may be convoluted with pitting, which is an added effect beyond interactions with oxides.  

Understanding the effects of Cl- on passivated oxide covered surfaces require closer 

inspection of the behavior in the passive range. Figure 8-2 shows a comparison from the 

electrochemical perspective between the development of passive films formed on Ni-22 wt% Cr 

in a sulfate versus chloride environment over a 103 s period at fixed potential in the passive 

potential region. The significant role of dissolution in Cl- on the progression of passivation is 

indicated at a fixed potential in the passive region, and can be recognized because 𝑖𝑜𝑥 associated 

with new oxide formation falls to zero (Figure 8-2) but 𝑖𝐸𝐶 remains substantial in the latter stages 

of passivation. The film is thicker in Cl- because, on balance, 𝑖𝐸𝐶 is much greater than in sulfate 

while 𝑖𝑜𝑥 is slightly greater at intermediate times. The surface morphology keeps evolving 

although at a slower pace in the latter stages of passivation. The driving force for oxide formation 
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may be enhanced by Cl- if the difference between the applied potential and the primary passivation 

or oxide formation potential, is greater in Cl-. In addition, the chemical reactions between Cl- and 

the oxide surface may enhance cation vacancy concentrations in the passive film which in turn 

enhances kinetic film growth processes as suggested recently on Fe by reactive force field 

molecular dynamics79,80.  

The overall electrochemical passivity is also impacted by the film composition, which is 

modified throughout the exposure time (Figure 8-3). The film becomes richer in Cr3+ with time, 

especially in the NaCl solution (Figure 8-4). This is because NiO (Ni(OH)2) dissolves chemically 

with a greater thermodynamic driving force in acidic chloride solutions and this process occurs at 

faster rate than for Cr2O3 (Cr(OH)3) at pH 415,81. Thus, the film may both form by electrochemical 

oxidation faster but then also dissolve chemically on a selective basis (i.e. Ni(OH)2) as soon as 

formed at a greater rate in Cl-. Evidence of this is shown in Figure 8-2 where 𝑖𝐸𝐶 is 5x10-6 A/cm2 

in Cl- but only 3x10-7 A/cm2 in sulfate after 10 ks of passivation. The former current density would 

produce a dissolution rate of about 20 nm in 100 s, which must be overcome by fresh oxidation to 

continue to grow oxide films and allows for roughening or smoothing during the time frame of 

these experiments.  

Surface topography reflects the complex interplay between competing mechanisms which 

roughen versus those which tend to level a surface during nucleation, coalescence of oxide islands, 

growth and dissolution24. It connects the global electrochemical measurements to local features 

and the nanoscale heterogeneity on the surface. The mechanisms and drivers to consider include 

surface and interfacial energies, chemical and electrochemical local reactions at the electrolyte-

solid interface, which are coupled to transport processes through the passive film18, and surface 

diffusion. Local electric fields are enhanced in thinner oxide regions which enhances 𝑖𝐸𝐶 which in 



  203 

turn exacerbates roughness and dissolution especially at sites with low coordination15,16. Film 

thickening (Figure 8-2) and surface topography measurements (Figures 8-5 and 8-6) suggest an 

early lag in oxide nucleation and initial growth in chloride compared to sulfate. Consequentially, 

nuclei and islands might form rapidly early in the growth process in the case of Cl- but are also 

more susceptible to thermodynamically driven and kinetically rapid dissolution reactions thus 

prompting secondary nucleation events, and a divergent size distribution expressed in surface 

roughness at later times. The extended nucleation window prior to the formation of a continuous 

film is also commensurate with a more pronounced island growth mode, and can contribute to 

larger surface roughness. Note that the evolution in RMS over time is carried mostly by a 

modulation of the height distribution (Figure 8-8).  

The sulfate solution, on the other hand, has significantly less dissolution reactions as shown 

in the electrochemical data presented in Figures 8-1 and 8-2, and supports the faster transition to a 

closed oxide layer. In addition, the growth mode, which is influenced by the interfacial and surface 

energies, is according to the height distributions closer to a layer-by-layer mode, respectively 

shows less pronounced islanding. Recently, DFT calculations have demonstrated a decrease in the 

oxide surface energy when chloride is present82, which might indeed promote island formation. 

The differences in the processes described here are argued to produce a narrowing distribution of 

surface structure heights during passivation, and lead to a lower RMS (Figure 8-7) in sulfate 

solution compared to chloride.  

The early growth times are characterized by a slight preference for the formation of Cr-

oxide/hydroxide over Ni-oxide/hydroxide layers in sulfate compared to chloride solution (Figure 

8-4). This is an opposing influence to the frequent assumption that NiO nucleation is preferred 

since the interfacial energy is lowered due to the epitaxial relation between Ni and NiO63. 
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However, a favorable interfacial energy at the solid-solid interface due to compatible oxide and 

substrate crystal structures can be offset by variations in the surface energy at the alloy surface, 

and at the solid-liquid interface due to Cl- adsorption. In addition, as described earlier in the 

discussion the dissolution rate for Ni-oxides and hydroxides is larger in chloride solution83, hence 

the enrichment in Cr in the oxide film over time of exposure to Cl- exceeds the enrichment in Cr 

in the sulfate solution. 

A common finding is that films rich in Cr3+ exhibit greater repassivation capabilities in Fe-

Cr and Ni-Cr alloys.1,4,12,14,84–87 However, in this study we find that oxides did not form conformal 

layers over flat metals surface as is often assumed in thin film high field models of passive film 

growth. The development of increasingly rough surfaces in the presence of chloride compared to 

smoothing in sulfate requires also consideration of the governing chemical and electrochemical 

thermo-kinetic factors that affect each stage of film formation. First it should be noted that by 

conducting experiments in 0.1 M NaCl solution at pH 4 and an applied potential at +0.2 VSCE, the 

system is displaced far from the electrochemical equilibrium for both the Ni/Ni2+ and Cr/Cr3+ 

oxidation half-cell reaction regardless of whether NiO/Ni(OH)2 or Cr2O3/Cr(OH)3 formation are 

considered. The typical oxidation process during passivation considering relevant metastable 

products involves the direct transformation of the metallic substrate by the following parallel 

pathways forming either oxide or hydroxide with a parallel route to form soluble aqueous ions 

(where when M/Mn+ = Ni/Ni2+, n=2; and when M/Mn+  = Cr/Cr3+ n=3). 

 

M = Mn+ + ne-        [1] 

M + nH2O = M(OH)n + nH+ + ne-        [2] 

M + mH2O = MOm
(n-2m) + 2mH+ + ne-     [3]  
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Once the oxide is formed chemical or oxidative dissolution might occur by reaction with [H+] as 

covered by Pourbaix81. Note that both metastable NiO and Cr2O3 are predicted based on 

thermodynamics to chemically dissolve in pH 4 acid by the following reaction pathways: 

 

NiO + 2H+ = Ni2+ + H2O        [4] 

Cr2O3 + 6H+ = 2Cr3+ + 3H2O       [5] 

 

It should be noted that oxidative dissolution is possible for these elements but the conditions tested 

herein do not allow this as the applied potential is less oxidizing than the equilibrium potential for 

these reactions. 

NiO is thermodynamically unstable at a pH of less than 8 according to one source88 and 

less than pH 5 according to another source81. Cr2O3 also is susceptible to chemical dissolution in 

acid but remains thermodynamically stable at a lower pH than NiO (i.e., at pH 5)81. Therefore, at 

pH 4, reactions [2] and [3] will produce metastable products. Metastable oxides are well known to 

form in aqueous corrosion systems55, and the oxide or hydroxide will be present even though 

equilibrium conditions at pH 4 favor cations as soluble aqueous ions. Reactions [1-3] also depend 

on nanometer-scale curvature89, crystal orientation , oxide thickness92,93 and temperature, which 

affect the electrochemical equilibria for formation as well as the rates. Since reactions [2] and [3] 

are solid state reactions, there is no direct dependency on the chloride concentration in solution, 

but hydroxide may also form by precipitation  at the aqueous-solid interface. The change in surface 

energy induced by Cl- may be a factor as discussed earlier in 4.1. The chemical dissolution stability 

of the oxide is also affected by the complex interplay between oxide cation type, oxide crystallinity 
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and crystal orientation, thickness, stress state and various environmental factors. All of these 

factors likely  contribute to the significant heterogeneity in local morphology for chloride samples. 

Notably oxide dissolution is more likely when convex nanometer-scale curvature occurs as shown 

for oxides such as in the case of Zn94, Cu and Pt89,95. More corrugated surfaces, which develop 

during the initial nucleation stage, are therefore more prone to evolve into rougher oxide surfaces 

if local dissolution rates are higher. 

Moreover, attack of the outer Ni(OH)2 film or Cr(OH)3 film or inner oxides films with 

anions such as Cl- but also SO4
2- and other anions will produce a series of metal cation salt species, 

which are often soluble in water, and provide a pathway to dissolution: 

 

Ni2+ (ox) + nCl- (aq)  NiCl2-n (aq)     [6] 

 

Ni dissolution in acidic solutions containing Cl- either forms Ni2+
, NiCl+ or NiCl2 according to 

speciation diagrams. It should also be noted that the thermodynamic stability of nickel chlorides 

is greater than that of nickel oxides96. It is argued that Cl- attacks Ni(OH)2 proceeds by a ligand 

exchange process (i.e., Ni(OH)2/Ni(OH)Cl/NiCl+)15,28. A similar process is described for Fe(OH)3 

and it is supported by ReaxFF-MD calculations, that Fe(OH)3 undergoes ligand exchange with Cl- 

and that this process is catalytic80. The reaction of iron oxides with SO4
2- is also catalytic and it is 

argued that FeSO4
+ is easier to transfer to solution than Fe3+  97. A similar reaction occurs in the 

case of Cr3+ hydroxides and oxides but complexation does not enhance release of Cr cations 

particularly. Upon chemical dissolution in Cl- various soluble Cr-Cl species are predicted based 

on thermodynamics including Cr3+, CrCl2+, CrCl2
+, CrCl3. Ni2+ and Fe2+ are quite prone to this 
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reaction in Cl-, Br-, I- and HF with pK’s of -0.25 and 0.62, respectively, in Cl-. In contrast, the pK 

value in the case of Cr is -0.6598,99.  

 The important points are that reactions 1-6 occur in parallel and simultaneously and that 

rates differ with both halides as well as cation and anion specificity. Reactions [2] and [3] 

contribute to oxide growth while [1] and [4-6] all release metal cations into aqueous solutions. 

Reactions [4-6] dissolves new oxide nuclei and mature oxides alike. Rate laws for cation 

dissolution in halides typically possess first order dependencies on bulk anion concentration, 

cation-halide intermediate coverage and Helmholtz potential (i.e. potential across the 

film/electrolyte interface)100–102. The selective etching of Ni2+ over Cr3+ containing oxides and 

hydroxides is highly likely but the difference in rates depends on anion, temperature as well as pH 

adding to the inherent complexity of the system. It should be noted that the NiO chemical 

dissolution rate is much faster than the Cr2O3 dissolution rate in H2SO4
83 and also especially in 

NaCl. Because of this competition, oxide formation and coalescence are very inefficient in the 

aqueous case, as seen in Figure 8-2. Moreover, given that Cl- lowers the surface energy of oxides 

on Ni-Cr alloys31,82, it stands to reason that the nucleation behavior of oxides is modified and the 

critical nuclei radii differ in the presence of chloride. In nanocrystal precipitation reactions, the 

nucleation of terraces on islands is governed by an Arrhenius expression where activation energy 

is a function of the surface energy of the new step edge created squared. The lowering of surface 

energy lowers the activation energy, which in turn raises the nucleation rate in the nanoscale 

regime. This scenario and how it can relate to the observed modulation of area and height 

distributions is seen in Figures 8-5 through Figure 8-8 and discussed in previously.  

The morphologies of the oxide covered surfaces likely depend on all of the factors described 

above, including differences in electrochemically-driven nucleation and growth of oxide as well 
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as the chemical dissolution of oxides in Cl- versus SO4
2-. If dissolution leads to surface roughening, 

the effect of Cl- adsorption on surface energy mitigates an otherwise energetically unfavorable 

increase in surface area, and perturbations in the film are facilitated because of the chloride-

assisted decrease in surface energy. Thus rougher morphologies can become energetically 

possible18 and are expressed in the development of RMS and surface features. Even if a smooth 

morphology is energetically favorable, limited surface diffusion can kinetically stabilize a rough 

surface and lead to its propagation over time103–105. In addition, greater dissolution has been 

theorized to occur within the oxide troughs compared to the peaks due to electric field differences 

across the oxide, resulting in the exaggeration of any existing surface perturbations18.  

It is tempting to attribute the variation in surface roughness as illustrated in Figures 8-5 to 

Figure 8-8 solely to the enhanced oxide dissolution kinetics by Cl- of the continuous passive film. 

However, this deceptively simple interpretation can be called into question by the observation that 

a smooth oxide layer formed in sulfate solution is not susceptible to pitting events or roughening 

by dissolution as described in Section 8.3.4. Oxides grown in sulfate for 103 s and then exposed to 

1 M NaCl for another 103 s (Figure 8-9) do not roughen during the time frame of the exposure and 

do not undergo breakdown and pitting nearly as readily as those grown in Cl- solution.  

This implies that roughening owing to oxide formation, growth and dissolution can be 

connected with the resistance to oxide breakdown afforded by a protective oxide. Therefore, the 

surface roughness development has to be coupled to the initial nucleation and growth steps and is 

then propagated throughout the continuation of oxide layer growth. This can be attributed to the 

interplay between surface and interfacial energies as a thermodynamic factor, and diffusive 

processes at the surface and through the growing oxide, or a concerted interface roughening as 

described in the morphological stability models developed by Ramanathan et al.18. Clearly both, 
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kinetic and thermodynamic factors, contribute. The exact roles and even more critically, synergies, 

between surface energy and surface diffusion for hydroxide, oxides, sulfate, and chloride 

terminated surfaces in driving film smoothing remain open questions. However, while the 

interpretation of roughness evolution within a unified model remains at present elusive, and is 

challenging even in seemingly simple materials systems, the experimental findings illustrate 

clearly the significant differences in roughness evolution as a function of exposure time in chloride 

and sulfate solutions. 

 

8.5 Conclusions 

 

Oxide nucleation and growth of metastable oxides on a polycrystalline, solid solution Ni-

22 wt% Cr alloy were studied in slightly acidic chloride solution and compared to sulfate solutions 

at the same pH. Oxide nucleation occurs in the form of islands, which develop on newly 

passivating surfaces with seconds of the establishment of electrochemical driving forces favoring 

the oxidation of both Cr and Ni. Oxides tend to grow and coalesce to “closed” surfaces, continuous 

passive layers, and also enrich in Cr3+ hydroxides and oxides consistent with the sharp decrease in 

oxidation rates commensurate with thin film field driven passivation. At the same time, it is found 

that chemical driving forces favor simultaneous oxide dissolution especially in the case of Ni2+ 

oxides. The balance between these two processes is argued to govern oxide morphology and 

thicknesses and propagate roughness parameters developed during the initial steps of passive film 

growth. 

Surface roughness and topography evolve with time and depend critically on anion identity. 

Cl- is shown to alter the distributions in oxide islands and their coalescence, and leads to 
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significantly broader height distributions and surface roughness compared to more chemically 

benign species such as SO4
2-. Factors responsible for topography development were identified. 

The impact of morphology and composition on oxide breakdown is discussed. Topologically 

smooth oxides grown in Cl- free solutions resisted pit breakdown events once exposed to 1M NaCl 

(Figure 8-9). The features developed in Cl- may be key factors in creating instabilities in passive 

films18, which trigger local breakdown. These finding should be further considered in the context 

of oxide growth as well as breakdown where oxide roughening here-to-fore has not been broadly 

considered.  
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8.7 Supplementary Data and Supporting Information  

 

 

 

  
Figure 8-S1: Schematic illustration of the upward potential sweep in cyclic potentiodynamic 

polarization curves for chloride and sulfate solutions. The graphs show the general shape seen in 

the i versus E curves and serve as a visual guide to the interpretation of the experimental data 

presented in Figure 8-1. The passive region is marked in Figure 8-1 by arrows in the experimental 

data.  
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Figure 8-S2. Topography images taken with AFM after 10, 100, 1000, and 10000 seconds in both 

chloride and sulfate, labeled accordingly, with 500 nm2 image insets. The insets are representative 

of a typical area use to take the oxide area, height, and RMS data from. For both the chloride and 

sulfate images at 1000s, the green boxes represent typical areas used to measure the RMS, while 

the blue arrows mark features (polishing residue and polishing grooves) that were excluded from 

the RMS. All scale bars are 500 nm and the vertical color bars are in units of nm.  
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Figure 8-S3.1 AFM images before and after the segmentation process described in the 

Experimental Section of the manuscript for short passivation times for the chloride and sulfate data 

sets. The threshold is set at 50 +/- 5% of the maximum feature height for all images. The area 

distributions are obtained from the segmented images. The image size is 500x500 nm2. The 

masking procedure was adapted through MATLAB version R2019a, and the areas taken and 

plotted as histograms in Igor (WaveMetrics, Lake Oswego, OR, U.S.A.). 
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Figure 8-S3.2 AFM images before and after the segmentation process described in the 

Experimental Section of the manuscript for long passivation times. The threshold is set at 50 +/- 

5% of the maximum feature height for all images. The area distributions are obtained from the 

segmented images, and the image size is 500×500 nm2. 
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Figure 8-S4. Passive layer thickness calculated with the Strohmeier formula (B. R. Strohmeier, 

Surf. Interface Anal., 15, 51–56 (1990)) which assumes a layer-by-layer growth. For rough 

surfaces and island-growth the layer-by-layer values constitute a lower limit –  the Strohmeier 

formula will underestimate the amount of material deposited on the surface. The general 

development of film thickness follows the trend shown in Figure 8-2 albeit the absolute numbers 

for the film thicknesses from the XPS measurements are smaller.  

 

 

 

 
Figure 8-S5. Schematic illustration of the relation between height distribution (A) and area 

distribution (B). The height threshold for measuring area distributions was set at ~50% and the 

distributions therefore include all “islands” which contribute to the right-hand side of the height 

distribution. This threshold is chosen to avoid spurious contributions from unphysically small areas 

such as single pixels, and yielded the most consistent results in repeated analysis of the same image 
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Figure 8-S6. Sulfate solution – “most probable height”, and “full width at half maximum 

(FWHM)” for the height distributions shown in Figure 8-8. The distributions measured for chloride 

solution present a large variability due to the inherent spatial heterogeneity, and the comparison of 

the distributions themselves is more informative than a parameterized graph. 
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