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ABSTRACT 

 

Role of Electrostatic Forces on Non-Equilibrium Processes at  

Confined Inorganic Solid-Liquid-Solid Interfaces 

 

by 

 

Howard Andrew Dobbs 

 

Non-equilibrium processes at confined solid-liquid-solid interfaces are prevalent in a wide 

range of naturally occurring and technologically relevant phenomena such as corrosion, 

molecular network formation, dissolution and restructuring. Nevertheless, the complex 

intermolecular interactions involved in the development of macroscopic properties inhibits a 

fundamental understanding of the evolution of the interface. This is largely due to the 

difficulties associated with characterizing the role of surface and intermolecular interactions 

on macroscopic changes within the solid-liquid-solid interface as it evolves over time. In this 

dissertation, a combination of the surface forces apparatus (SFA), nuclear magnetic resonance 

(NMR) spectroscopy, and standard materials characterization techniques are used to 

characterize the intermolecular forces present in confined solid-liquid-solid interfaces and the 

resultant molecular and macroscopic changes. A new method for producing ultra-smooth (< 3 

nm) composite surfaces for the SFA and other optical/interferometric techniques is presented 

which overcomes the limitations of traditional mica interferometry surfaces while broadening 

the functionality to achieve characterization of surface and interfacial phenomena in previously 
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unattainable systems. Using this unique combination of characterization methods and tools, 

the molecular-level measurements establish the influence of electrostatic forces on dissolution-

based processes at confined, asymmetric solid-liquid solid interfaces. The results demonstrate 

that dissolution at confined solid-liquid-solid interfaces can be dramatically enhanced through 

the manipulation of local electrostatic forces (i.e., electrochemically enhanced dissolution) 

which offers a new avenue for manipulating dissolution processes in many technological 

applications such as chemical mechanical polishing and electrochemical corrosion. 

Additionally, molecular network formation processes initialize through the dissolution and 

subsequent reaction of surface species which are heavily influenced by surface interactions 

which direct local ion behavior. Measurement of the molecular structure and surface 

interactions indicate that only a small portion (<5%) of the material is involved in the network 

formation process. These results demonstrate the significant impact that initial dissolution 

processes have on the macroscopic properties of the network, highlighting the importance of 

the role of molecular-level interactions in the development of macroscopic properties. The 

methods, analyses, and resulting insights in characterizing the influence of molecular 

interactions on macroscopic changes are expected to be broadly relevant for non-equilibrium 

processes at confined solid-liquid-solid interfaces and help establish critical parameters to 

directly influence the evolution of macroscopic properties at the interface. 
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Chapter 1: Introduction and Background 

1.1 Motivation and Objectives 

Non-equilibrium processes are prevalent at confined solid-liquid-solid interfaces where 

intermolecular and surface forces play an important role. In many naturally occurring and 

technologically important processes, for example, catalysis, corrosion, network formation of 

cements, and bioadhesion, the dynamic changes within the system occur primarily at the 

surface. Characterizing and understanding the interfacial phenomena involved in these non-

equilibrium processes relies on the full consideration of the dynamic changes occurring at the 

interface and how it influences the overall system behavior. Van der Waals forces, 

electrostatic forces, hydrogen bonding, and hydrophobic forces may be present which will 

influence how the interface may evolve with time. Characterizing how the intermolecular and 

surface forces influence the changes occurring at the interface is paramount to obtaining a 

fundamental understanding of various non-equilibrium processes and how to control them for 

technological applications. 

This dissertation focuses on non-equilibrium processes that occur at inorganic solid-

liquid-solid interfaces where intermolecular interactions, specifically electrostatic forces, 

dramatically influence the evolution of the system. Each of the systems discussed herein 

involve confined solid-liquid-solid interfaces where dissolution and subsequent network 

formation or restructuring occurs. These processes which involve dissolution are especially 

important in many natural and technological systems, from structural materials1,2 to 

microelectronics3,4 and catalysts.5 Although the materials in each system may differ in 

chemical composition, morphology, and local structure, they each exhibit similar dissolution 
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reactions that release charged species from the surface into solution which are available for 

further reactions and effect the local ionic concentration. Specifically, this dissertation 

examines non-equilibrium processes where surface interactions strongly influence the 

development of the system for two different processes: (i) electrochemically enhanced 

dissolution processes observed in silica, alumina, diamond, and nickel (Chapters 3 and 4) and 

(ii) molecular network formation in alkali-activated aluminosilica cements (Chapter 5). In 

each of these processes, the influence of environmental conditions on the macroscopic 

properties of the material are empirically understood, but the changes at a molecular level are 

poorly understood. A combination of the Surface Forces Apparatus (SFA), Nuclear Magnetic 

Resonance (NMR) spectroscopy, and standard characterization techniques is used to 

characterize the molecular forces and structures and correlate them with changes in the 

macroscopic structure and properties. The objective of this work is to characterize the role of 

surface interactions on these non-equilibrium processes to develop better methods to 

influence, and potentially control, the evolution of the interface and specific macroscopic 

properties. 

Each of the non-equilibrium processes mentioned in this dissertation are phenomena that 

have been known and studied for decades, however a fundamental understanding of the 

molecular interactions and forces in these phenomena remain poorly understood. In part, this 

has been due to the challenges associated with the molecular characterization of changes 

which occur at the solid-liquid-solid interface while the processes are occurring. 

Advancements in characterization techniques are required to develop the proper tools to study 

the complex interactions and changes that occur at the solid-liquid-solid interface. Chapter 2 

discusses the development of chemically functional silica surfaces for the SFA using various 
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photolithography and vacuum deposition techniques. These composite surfaces have an ultra-

smooth (<0.4 nm RMS roughness) silica layer which can be functionalized using deposition, 

chemisorption, or adsorption from solution to create novel inorganic and organic surfaces 

which were previously unobtainable with standard SFA techniques. These composite surfaces 

provide the basis for studying more complex and complete interfaces using optical and 

interferometry techniques which enables further molecular characterization of non-

equilibrium processes at confined solid-liquid-solid interfaces. 

Dissolution processes have been extensively characterized for many inorganic materials; 

however, there are several naturally occurring and technologically important phenomena that 

exhibit enhanced dissolution, such as pressure solution and chemical mechanical polishing, 

which remain poorly understood. Chapters 3 and 4 discuss the enhanced dissolution 

phenomena observed at confined solid-liquid-solid interfaces involving silica, alumina, 

diamond, and nickel using a combination of SFA and standard materials characterization 

techniques. Chapter 3 focuses on the influence of electrostatic forces on the observed 

enhanced dissolution at confined, asymmetric solid-liquid-solid interfaces for silica, alumina, 

and diamond in aqueous solutions and provides a semi-quantitative model for understanding 

electrochemically enhanced dissolution phenomena. Chapter 4 discusses the electrochemical 

dissolution (e.g., crevice corrosion) of confined, asymmetric solid-liquid-solid interfaces for 

nickel in aqueous solutions and characterizes the changes in surface structure with regards to 

the electrochemical dissolution behavior. 

Dissolution at confined interfaces is also an important step in network formation processes 

for inorganic oxide materials. Network formation is initiated by the dissolution and 

subsequent reaction (e.g., condensation) of surface species to form inorganic oxide networks 
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with useful macroscopic properties. The structure, which dictates the macroscopic properties, 

of the resulting inorganic oxide material is controlled by the relative concentration of surface 

species in solution near the surface based on the dissolution of each surface. Chapter 5 

discusses the observed dissolution and formation of aluminosilica networks in highly alkaline 

solutions using a combination of SFA and NMR spectroscopy methods. Changes in molecular 

structure with increased reaction times are correlated with macroscopic properties to 

understand the early stage dissolution and formation of aluminosilica networks. The 

remainder of this Introduction discusses the basic concepts and techniques used to understand 

and characterize the different phenomena. The scientific questions motivating the research for 

each phenomenon are further expanded upon in their respective chapters.  

1.2 Electrostatic forces between surfaces in aqueous environments 

At a fundamental level, surfaces exhibit overall attractive or repulsive behavior based on 

the individual contributions from non-specific and specific interactions between atoms and 

molecules in the system. Electromagnetic forces, which arise from the electronic properties 

of atoms and molecules, are effective over large distances and are the basis of the commonly 

known intermolecular interactions such as van der Waals forces, electrostatic forces, hydrogen 

bonding, and hydrophobic forces.6 Van der Waals forces are dependent on the dipoles, 

polarizability, and dispersion forces between atoms and acts between all atoms and molecules. 

Electrostatic interactions occur between charged species through Coulombic interactions and 

results in the formation of an electrostatic double layer which screens the surface charge so 

that it is neutral when far from the surface. The van der Waals and electrostatic forces in a 

liquid medium can be collectively described by the DLVO theory (Derjaguin, Landau, 

Verwey, and Overbeek) which provides an analytical expression of the distance dependence 
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of the colloidal forces between two surfaces.7,8 Hydrogen bonding forces exist in systems to 

varying degrees between electronegative atoms and hydrogen atoms covalently bound to 

similar electronegative atoms. It is accepted that the hydrogen bond is predominately an 

electrostatic interaction,9,10 but this force is still not fully understood at a fundamental level. 

Hydrophobic forces, which describe the strong attraction between hydrophobic molecules and 

surfaces in water due to the inability to form hydrogen bonds, are also not fully understood at 

a fundamental level but recent progress has been made in deriving an interaction potential.11 

Electrostatic forces are the primary focus of this dissertation due to the strong influence 

they have on ionic species over a relatively long range compared to other surface forces. A 

more detailed description of the electrostatic double layer is required to understand the impact 

it has on non-equilibrium processes such as dissolution. As mentioned above, electrostatic 

interactions between charged species results in the formation of an electrostatic double layer 

to balance the surface charge and achieve a net neutral system. The electrostatic double layer 

is comprised of a Stern or Helmholtz layer, comprised of transiently bound counterions on the 

surface, and a diffuse electric double layer, an atmosphere of ions in rapid thermal motion 

loosely correlated with the surface depicted in Figure 1.1. 
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Figure 1.1 Structure of the electrostatic double layer comprised of the Stern or Helmholtz 

layer and the diffuse electric double layer. Ions bound to a surface are not rigidly bound but 

can exchange with other ions in solution. The lifetime on the surface is dependent on the 

strength of the interaction with the charged surface. 

 For two charged surfaces in an aqueous solution, the Poisson-Boltzmann equation 

describes the ionic distribution near planar charged surfaces in water and is given by: 

 𝑑2𝜓

𝑑𝑥2
= − (

𝑧𝑒𝜌0

𝜀0𝜀
) 𝑒−

𝑧𝑒𝜓
𝑘𝑇   

(1.1) 

where 𝜓 is the electrostatic potential, 𝑥 is the coordinate position between the surfaces with 

𝑥 = 0 as the midplane, 𝜀0 is the permittivity of free space, 𝜀 is the bulk dielectric permittivity 

of the aqueous solution, 𝑘 is the Boltzmann constant, T is the temperature, 𝜌0 is the number 

density of ions with valency 𝑧 at the midpoint between the surfaces, and e is the elementary 

charge of an electron.12 The solution to this equation gives the potential 𝜓, electric field 𝐸 =

−
𝑑𝜓

𝑑𝑥
, and counterion density 𝜌 at any point 𝑥 in the gap between the surfaces. Jönsson et al. 

showed that most of the counterions that effectively balance the surface charge are located 

within the first few ångstroms from the surface (i.e., the Stern layer). However, for lower 

surface charge densities, the layer of counterions extends well beyond the surface and 

becomes more diffuse (i.e., the diffuse double layer).13 

The thickness of the Stern and Helmholtz layers is on the order of a few ångstroms and 

reflects the finite size of the charged surface groups (coions) and the transiently bound 

counterions. Within this region, the Poisson-Boltzmann equation cannot hold and the potential 

drop across the Stern and Helmholtz layer is linear.14-16 Outside of the Stern and Helmholtz 

layer, the potential follows the Poisson-Boltzmann equation. 
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The Poisson-Boltzmann equation was derived for two charged surfaces in water, however 

most charged surfaces interact across a solution which already contains electrolyte ions. For 

charged surfaces which have a bulk reservoir of electrolyte ions, the Poisson-Boltzmann 

equation can be simplified to the Grahame equation,12 which is further simplified for 

potentials less than 25 mV: 

 𝜎 = 𝜀0𝜀𝜅𝜓0 (1.2) 

where, for a monovalent electrolyte at 25°C, 

 
𝜅−1 = (

𝜀0𝜀𝑘𝑇

2𝜌∞𝑒2
)

1/2

 
(1.2) 

Under these assumptions, the potential is now proportional to the surface charge density. The 

characteristic length of the diffuse layer, 1/𝜅, is known as the Debye length and it depends 

solely on the solution properties of the system. The Debye length is an effective length scale 

to describe the range that the electrostatic forces extend from the surface. There are now 

several key parameters to the electrostatic double layer: (i) the surface potential 𝜓0, which is 

dependent on the material interface, and (ii) the Debye length 1/𝜅, which is only dependent 

on the solution conditions. 

 The electrostatic forces directly influence the local ion concentration near a surface 

which can play an important role in non-equilibrium processes such as dissolution, 

restructuring, and network formation. The electrostatic double layer interaction and its 

influence on non-equilibrium processes is further discussed for enhanced dissolution at 

asymmetric solid-liquid-solid interfaces in Chapter 3 and in the reduction in adhesion energy 

through the application of the extended DLVO theory in Chapter 6. 
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1.3 Experimental approaches 

The comparison of molecular level changes at the interface with development of 

macroscopic material properties relies on a broad range of characterization techniques which 

can span the different length scales. In this work, a combination of the Surface Forces 

Apparatus (SFA) with materials characterization techniques such as Nuclear Magnetic 

Resonance (NMR) spectroscopy, ellipsometry, X-ray diffraction, scanning electron 

microscopy with energy dispersive spectroscopy, and X-ray photoelectron spectroscopy, were 

used to characterize the molecular to macroscopic changes of the non-equilibrium processes.  

The SFA is the primary characterization technique used in this work to measure surface 

interaction forces as well as the dissolution of surface materials with a resolution of 3 Å. This 

combination allowed us to characterize the molecular interactions and correlate them with 

macroscopic dissolution. 1D and 2D NMR spectroscopy were also important in characterizing 

the changes in local molecular structure during the network formation of aluminosilica 

materials. A brief description of the SFA technique is provided below while descriptions of 

the other characterization techniques are provided in the relevant chapters. 

1.3.1 The Surface Forces Apparatus 

The surface forces apparatus (SFA) is used to measure and analyze the intermolecular 

interactions between two cylindrically-curved surfaces. The SFA has been used to 

characterize the dynamic behavior in a wide range of systems, including electrochemical and 

biological systems.17 The SFA measures the interaction forces (attractive or repulsive) 

between two surfaces as they are controllably brought together and retracted. The bottom 

surface is attached to a double cantilever spring which deflects when force is applied which 

can be measured using Hooke’s Law, 𝐹 = 𝑘∆𝑥, where 𝐹 is the force, 𝑘 is the spring 
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constant, and ∆𝑥 is the deflection of the spring.18 The double cantilever spring ensures that 

the surfaces move in a vertical motion without significant horizontal sliding. The position of 

the surfaces is controlled to within 1 Å using a high-voltage piezoelectric tube. 

 

Figure 1.2 A section through the center of the SFA apparatus (adapted from reference 17). 

The SFA has a wide range of control over the variables involved in force measurements 

including positional control and force spring stiffness. The different ports allow for control of 

temperature, humidity, or vapor and liquid environment. Additionally, different disk mounts 

can be used to achieve additional functionality for friction shear measurements or 

electrochemical measurements. 

 The SFA uses multiple-beam interferometry to measure the absolute distance between 

two surfaces which each have a reflective (1% transmissive, >90% reflective) layer. White 

light passes through the two surfaces where it reflects between the two reflective layers, 

resulting in constructive and destructive interference. The interference pattern can be 

visualized in wavelength space by transmitting the light into a spectrometer which results in 

observable fringes of equal chromatic order (FECO). The wavelength position of the fringes 
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will change based on the distance between the two surfaces, specifically between the two 

reflective layers, which allows for distance measurements with Ångstrom-level resolution as 

shown in Figure 1.3.19 The FECO are also sensitive to any deformations in the reflective layer 

which enables the visualization of the surface profile. This allows the SFA technique to 

measure force with a resolution of 10-8 N to characterize intermolecular interactions and 

provide information on macroscopic changes to the surface thickness or profile throughout 

the experiment. 

 

Figure 1.3 Multiple-beam interferometry between two back-silvered muscovite mica surfaces 

in air. White light passes through the surfaces resulting in constructive and destructive 

interference which can be viewed as fringes of equal chromatic order (FECO) using a 

spectrometer. The distance between the reflective layers can be determined based on the 

FECO spacing and the shape of the FECO gives information on the surface profile. 
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Chapter 2:  Ultra-smooth, chemically functional silica surfaces for 

surface interaction measurements and optical/interferometry-

based techniques 

Reproduced with permission from Howard Dobbs, Yair Kaufman, Jeff Scott, Kai Kristiansen, 

Alex Schrader, Szu-Ying Chen, Peter Duda III, Jacob Israelachvili, Advanced Engineering 

Materials 2018, 20, 1700630. 

2.1 Abstract 

In this chapter, the development of chemically functional silica surfaces for use in surface 

characterization interferometry techniques is demonstrated to enable a wider range of 

available surface chemistries that were previously unobtainable in studying interfacial 

phenomena. The study of interfacial phenomena is central to a range of chemical, physical, 

optical, and electromagnetic systems such as surface imaging, polymer interactions, 

friction/wear, and ion-transport in batteries. Studying intermolecular forces and processes of 

interfaces at the sub-nano scale has proven difficult due to limitations in surface preparation 

methods. Here we describe a method for fabricating reflective, deformable composite layers 

that expose an ultra-smooth silica (SiO2) surface (RMS roughness <0.4 nm) with 

interferometric applications. The robust design allows for cleaning and reusing the same 

surfaces for over a week of continuous experimentation without degradation. The electric 

double-layer forces measured using the composite surfaces are within 10% of the theoretically 

predicted values. We also demonstrate that standard chemisorption and physisorption 

procedures on silica can be applied to chemically modify the surfaces; as a demonstration of 

this, the composite surfaces were successfully modified with octadecyltrichlorosilane (OTS) 
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to study their hydrophobic interactions in water using a surface force apparatus (SFA). These 

composite surfaces provide a basis for the preparation of a variety of new surfaces and should 

be particularly beneficial for the SFA and colloidal probe methods that employ 

optical/interferometric and electrochemical techniques, enabling characterization of 

previously unattainable surface and interfacial phenomena. 

2.2 Introduction 

Surface and interfacial science has been a major focus across a range of diverse and 

interdisciplinary fields. The ability to measure the molecular interaction forces and energies 

is crucial for shedding light on interfacial phenomena where van der Waals, electrostatic, 

adhesion, polymer, or hydration forces can all be important depending on the system. Studying 

these physical forces is critical to developing an understanding of the fundamental and 

technologically relevant processes that occur at different interfaces – processes such as 

electrochemical reactions,1,2 catalysis,3,4 adhesion/repulsion,5-7 frictional wear,8-10 and self-

assembly of mono- and multilayers.11,12,47  

The characterization of surface and interfacial phenomena has progressed significantly 

due to the development of experimental techniques capable of interrogating the physical and 

chemical nature of surfaces. Such instruments include Atomic Force Microscopes (AFM), the 

Johnson, Kendall and Roberts (JKR) apparatus, nano- and micro- indenters, tribometers, 

Raman and infrared spectrometers, interferometers, and the Surface Force Apparatus (SFA). 

The most diverse characterization methods developed for studying interfaces are 

interferometry-based techniques, such as Fabry-Pérot interferometers13 or reflection 

interference contrast microscopy (RICM),14 which optically visualize the surface topography 

by observing interference patterns that occur when shining monochromatic or white light 
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between two surfaces. Interference between the two reflecting layers gives rise to Newton’s 

rings where constructive and destructive interference appear as a series of alternating bright 

and dark rings centered around the point of contact, as demonstrated in the RICM column of 

Figure 2.1b for monochromatic light. The distance between the two surfaces can be measured 

by studying the variation in light intensity across the large contact area, allowing 

characterization of the surface height profile, especially roughness, with nanometer resolution 

in the height, z, direction.15 

 

Figure 2.1 Examples of interferometry-based surface analysis techniques to measure 

smooth and rough surfaces, shown schematically in the left column for sphere on flat 

geometry, under both static and dynamic conditions. Newton ring interference patterns using 

monochromatic (λHg = 546.1 nm) light and reflection interference contrast microscopy 

(RICM) for smooth and rough vesicles on a flat SiO2 surface adapted from Albersdörfer et al. 

1997.15 FECO fringe interference patterns using white light for smooth and rough SiO2 

surfaces dissolving in an acidic environment adapted from Greene et al. 2009.16 

Prominent interferometry-based techniques are the Surface Forces Apparatus (SFA)17 and 

its derivatives18-22 which use white light interferometry to measure the absolute surface 

separation (distances) between two surfaces. The SFA allows sub-nanometer resolution 

measurements by separating the Newton’s rings into different wavelengths of light to observe 
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‘Fringes of Equal Chromatic Order’ (FECO), which are shown in the SFA column of Figure 

2.1c.16 By measuring the wavelength of each fringe, the absolute distance (sub-nm resolution) 

between the surfaces, and the surface profiles (μm resolution) can be directly measured. In 

addition, the wavelength of the consecutive fringes allows for measurement of the refractive 

index of the medium between the surfaces.17  

The SFA presents several unique advantages to the many other techniques available for 

surface characterization. First, the SFA has the ability to measure absolute surface separation 

(distances) as opposed to displacement or relative distances that are measured by AFM. Thus, 

the SFA allows for measuring the force vs. the absolute distance between the surfaces, and 

then the measurements can be fitted to well-known colloidal force models, e.g., the Derjaguin, 

Landau, Vervey, and Overbeek (DLVO) model.23,24 Second, the SFA can visualize (with a 

lateral resolution of 1 micron and sub-nm vertical resolution) the contact area and contact zone 

deformations (surface shape) during force measurements as seen in Figure 2.1c, which is 

necessary for converting the measured force to energy and to observe dynamic processes and 

deformations of the surface in situ (e.g., wear tracks, particle build-up, and condensed 

capillary bridges), respectively.17 Third, the SFA can study extended surfaces (i.e., those with 

radii of curvature > 1 cm) with atomically smooth mica surfaces (RMS roughness of about 

0.1 nm) which allows for measurement of short- and long-range forces. Atomically smooth 

surfaces are required to accurately measure short-range forces, such as van der Waals and 

hydration forces that occur at less than 3 nm separation.25 Direct measurement of the absolute 

distance and surface profile with 0.1 nm height resolution has enabled characterization of the 

physical interactions (e.g., van der Waals, electrostatic, hydration, etc.) for various interfaces 
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and physico-chemical processes, making the SFA the standard techniques for static and 

dynamic surface and interfacial science characterization. 

While the SFA (and related techniques including the AFM) has proven to be an invaluable 

characterization technique for surface and interfacial phenomena,26,27 there are several 

significant challenges that inhibit widescale use. One of the biggest challenges is the need for 

atomically smooth surfaces to measure short- and long-range interaction forces, which results 

in the use of primarily single-crystalline sheets of mica for the surfaces. If the surface 

roughness is larger than the interaction regime of the forces, it is difficult to distinguish the 

true forces from steric repulsion of overlapping asperities. Hand-cleaving single-crystalline 

sheets of mica approximately 2-3 μm thick (for optimal resolution using the FECO technique) 

is difficult and time-consuming, providing another barrier to widespread use of these 

techniques. Furthermore, the mica surfaces must be prepared immediately before use to avoid 

surface contamination, thus new surfaces must be made before each experiment. Due to 

mechanical degradation of the mica surface during experiments or with cleaning, the mica 

surface is usually limited to a single experiment. For example, aggressive solvents will 

dissolve the exposed glue layer and aggressive sonication will result in mica cleaving. Another 

major challenge with mica is that its basal plane does not readily react, which makes it difficult 

to modify the surface chemistry to produce new interfaces.28 Current studies are limited to a 

small number of polymer-reacted mica surfaces,29,30 thin-film metal deposition,1,31 and some 

physisorbed bilayer systems.32 Many of these surfaces are prepared by deposition on 

traditional mica surfaces which is difficult due to the heterogeneous nature and low reactivity 

of the mica surface. Each of the above challenges has limited the functionality of many optical 

and surface probing techniques and further advancements are stagnated while the mica surface 
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preparation is the only readily available method for producing surfaces capable of force 

measurements. 

Here, we present a new method for making composite surfaces for the SFA and other 

optical/interferometric techniques. The same method can be used for making surfaces for its 

derivatives and for other interferometric techniques as well. These composite surfaces 

overcome the limitations of traditional mica surfaces while broadening the functionality 

required for use in interferometric and physico-chemical probing techniques. The new 

composite surfaces have 4 main advantages over traditional mica surfaces: First, the top layer 

is silica, which can be more easily modified using well-known silane chemistry procedures. 

Second, these composite surfaces can be cleaned more effectively than mica surfaces (e.g., 

with solvents, plasma, UV ozone, or by etching a few nm off of the surface), and reused for 

several experiments, for at least nine consecutive days in aqueous solutions before degradation 

occurs (compared to approximately 2-3 days for traditional mica surfaces). Third, these 

composite surfaces can be mass produced ahead of time and remain stable for at least four 

months in ambient conditions or under vacuum. Fourth, the reflective, buried polymer, and 

silica layers can all be adjusted to tune to the optical (including making a reflective layer with 

a specific bandwidth), electrical, structural (including roughness), and mechanical properties 

of the surfaces.  Additionally, the metal reflective layer can serve as a protected electrode for 

studying electrochemical systems, similar to experiments performed using the 

electrochemical SFA (EC-SFA).48 Like glued mica surfaces, the new composite surfaces 

maintain the ability to deform upon contact which makes it possible to measure the (finite) 

contact area and surface forces, and hence energies, due to the compressible polymer sub-

layer. 
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In this work, we describe the fabrication of the composite surfaces using standard 

deposition techniques to achieve ultra-smooth (roughness RMS < 0.4 nm), silica surfaces with 

a compressible sub-layer supporting white-light interferometry and other optical techniques. 

The characterization of the fabricated disks is reported along with the tunability of surface 

roughness by varying the silica deposition parameters (and mechanical compliance by varying 

the polymer chemistry). Then, we show that the double-layer forces, measured with the 

composite surfaces, are comparable to those predicted by the electrostatic double-layer theory. 

We also describe various methods to modify the surface chemistry of the silica through 

deposition, chemisorption, and physisorption. We demonstrate the preparation and 

measurement of hydrophobic interactions between two octadecyltrichlorosilane (OTS) 

modified surfaces using standard, well documented silane chemistry techniques.33,34 The 

successful fabrication of an ultra-smooth, chemically modifiable, and compressible silica 

surface (i.e., composite surfaces) for the SFA, and other optical/interferometry techniques, 

provides a new surface that overcomes the difficulties associated with traditional mica 

surfaces to improve the accessibility of interferometry techniques and the number of distinct 

surfaces that can be studied. 

2.3 Experimental Methods 

2.3.1 Fabrication of silica surfaces 

Prior to fabrication, the SiO2 substrates (a 10 mm diameter, 2 cm radius cylindrically-

curved disk for the surfaces presented in the above experiments) were cleaned for 1 hour in a 

piranha solution (3:1 H2SO4:H2O2). The substrates were sonicated in acetone, isopropanol, 

and DI H2O for 2 minutes each at 80°C and subsequently dried at 180°C in an oven for 3 



 

 20 

minutes. After the dehydration bake, the SiO2 substrates were plasma cleaned in O2/plasma at 

300 mT and 100 W for 2 minutes to ensure no organic contaminants remained on the surface. 

A 3 nm-thick layer of Ti deposited with an electron beam evaporator (e-beam evaporator, 

Temescal CV-6S) on top of the SiO2 substrate served as a sacrificial layer to facilitate 

repurposing of damaged fabricated surfaces. 

An approximately 120 μm-thick SU-8 (SU-8 3050, MicroChem) epoxy negative 

photoresist layer was spin-coated on top of the Ti layer by spinning at 300 rpm for 30 seconds 

followed by 1000 rpm for 120 seconds with a ramp of 100 rpm s-1. The SU-8 layer was 

reflowed at 95°C for 15 minutes before curing the polymer with i-line exposure (365 nm 

wavelength UV radiation) in a 7 mm circle on the 10 mm disk using a shadow mask for 1 

minutes and 30 seconds at an intensity of 4,800 μW cm-2. A post exposure bake for 5 minutes 

at 55°C followed by 15 minutes at 95°C with a ramp of 5°C min-1 was used. The SU-8 was 

allowed to cool for 10 minutes before developed with propylene glycol methyl ether acetate 

(PMGEA, SU-8 developer, MicroChem) for 30 seconds. The SU-8 layer was rinsed with fresh 

PMGEA and isopropanol and air dried. The substrates were heated at 55°C for 5 minutes and 

150°C for 30 minutes using a ramp rate of 5°C min-1 to fully cure the SU-8 layer. The 

mechanical properties of the polymer layer, such as modulus of elasticity, can be tuned by 

adjusting the polymer density/type used though it was not done within this paper. 

A 3 nm-thick Ti layer was deposited by e-beam evaporation (Temescal CV-6S) on top of 

the SU-8 layer to serve as an adhesion promoting layer, followed by 50 nm of Ag which serves 

as the reflecting layer for interferometry applications, and finally another 3 nm-thick Ti layer 

for adhesion promotion. The optical properties, such as bandpass wavelengths or reflectance, 

of the multi-layered surfaces can be adjusted by utilizing different reflecting or semi-reflecting 
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layers. The final, approximately 800 nm, SiO2 layer is deposited by radio frequency (RF) 

sputtering at 300 W with a RF bias of 80 W which has a RMS roughness of 0.32 ± 0.05 nm 

for the smoothest surfaces produced. Further modifications to the surface chemistry can be 

made via additional depositions of various inorganic and metal materials, including oxide and 

nitride variations, adsorption of self-assembled monolayer or bilayer films, or chemical 

reactions with the surface through various silane chemistry reactions. 

2.3.2 Octadecyltrichlorosilane (OTS) silica surface modification 

Octadecyltrichlorosiliane [OTS, CH3(CH2)17SiCl3, purity 90%, Aldrich Co., Ltd] was 

prepared with a concentration of 0.1 mM at 295 K using 100% toluene as the solvent for the 

silane reaction. OTS was added to the solvent and the surfaces were submerged for 12 and 24 

hours under vacuum, as the organic silanes will react with moisture in the air to polymerize. 

After the allotted reaction time, the OTS-modified surfaces were rinsed with approximately 5 

mL of chloroform to wash away excess, unreacted silane deposits. The surfaces were dried 

with N2(g) and stored in a desiccator until measurements were performed in the SFA. 

2.3.3 Characterization of thin film physical properties 

Ellipsometry measurements were performed to verify the refractive index of the deposited 

thin films using a Woolam M2000DI variable angle spectroscopic ellipsometer. 

Measurements were taken at 45, 60, and 75 degrees to provide the widest flexibility for 

characterization of the optical properties of the deposited films.  

Atomic force microscopy (AFM) measurements were performed to characterize the 

surface roughness of the fabricated disks under different deposition conditions and after 

surface modification procedures using a Dimension 3100 AFM system from Veeco, operated 
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in contact mode to maximize resolution in the z-direction for both the dense SiO2 surfaces and 

elastic OTS surface layers. 

2.3.4 Surface force measurements using the SFA 

SFA measurements were performed with an SFA 2000 (manufactured by SurForce 

LLC., Goleta, California) to measure the electrostatic and hydrophobic interaction forces 

between symmetric SiO2 and OTS-modified SiO2 surfaces. The surfaces were fabricated as 

discussed above, on cylindrically curved silica disks (R ≈ 2 cm) and mounted in the SFA in a 

crossed cylinder geometry. Prior to all SFA experiments, the SFA system was allowed to fully 

equilibrate at room temperature (295 K) until no drift was observed. For the SFA experiments 

involving the OTS-modified surfaces, the SFA was filled with deairated, deionized water to 

reduce the formation of air bubbles between the surfaces. FECO interferometry was used to 

measure the surface separation and shape during the experiment and the interaction forces 

were determined from the deflection of calibrated force measuring springs. 

2.4 Results and Discussion 

2.4.1 Characterization of the fabricated ultra-smooth SiO2 disks 

Figure 2.2a illustrates the structure of the fabricated composite surfaces exposing the top-

most silica surface. A high-density photopolymer, SU8 3050, was spin-coated on a fused silica 

substrate to create a circular, compressible layer with a Young’s modulus of approximately 

2.0 Gpa.35
 The compressible SU8 layer was made with a smaller radius than the substrate to 

improve the stability and lifetime of the fabricated disks by encapsulating and effectively 

sealing the layered structure, preventing ingress of water that would delaminate the deposited 

layers. 
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Figure 2.2 (a) Schematic of the fabricated SiO2, cylindrically curved surfaces which uses 

a compressible SU8 layer island covered with Ti, Ag, Ti, and SiO2 to allow surfaces to be 

used with interferometry techniques. (b) A picture of the actual 10 mm disks post fabrication. 

(c) AFM scan of the fabricated disk surface roughness with the red line indicating the slice 

shown below. (d) The roughness average of this surface is Ra = 0.32 ± 0.05 nm and the shaded 

region illustrates 2Ra. 

A reflective layer of silver (approximately 50 nm thick) is electron-beam deposited 

between two adhesion-promoting 3 nm titanium layers on the SU8 polymer. At this thickness, 

the silver reflective layer has high reflectivity, low absorbance, and approximately 1% 

transmittivity in the visible light regime, making it suitable for use with spectroscopic and 

interferometry techniques. A final 800 nm layer of silica is radio frequency (RF) sputter coated 

on top of the Ti adhesion-promoting layer to provide a thick dielectric material for use in 

interferometry and spectroscopy measurements (the 800 nm silica layer gives good FECO 

resolution; a thicker layer will increase the roughness while a thinner layer comprises the 

FECO technique). The RF sputter technique prevents charge build-up and defects from 

forming as opposed to typical direct current (DC) sputtering.36 The deposited silica layer using 

RF back-sputtering is denser compared to other vacuum deposition techniques,49,50 resulting 
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in stable, non-porous silica, similar to fused silica, which is ultra-smooth (RMS of 0.32 ± 0.05 

nm, as measured by AFM) and does not absorb significant amounts of water in aqueous 

environments – a common issue with non-optimized deposition methods of silica-like 

materials.37 In an aqueous environment, the porous silica layer thickness increases a few 

nanometers due to hydration of the surface; however, water can also be absorbed by the porous 

silica film, which increases the refractive index of the layer as air is replaced by water (from 

air with refractive index of 1.00 to water of 1.33). The increased refractive index of the silica 

film causes an ‘apparent’ swelling of the surfaces, thereby increasing the measured optical 

thickness from a few to tens of nanometers, that can be measured to ± 1 Å with multiple beam 

interference fringes (FECO).51 The deposited silica films used in this work show no such shift 

in the fringe position, within ± 1 Å, indicating that the RF-sputtered silica films are not porous 

and do not absorb any measurable amounts of water. The electron-beam and sputter deposited 

materials coat the entire substrate surface area, encapsulating the compressible polymer layer 

and enhancing stability of the composite surface, as previously mentioned. The fabricated 

SiO2 surfaces can be cleaned with a variety of solvents, including organic solvents, strong 

acids, or even basic solutions, as well as standard thin film cleaning techniques such as 

O2/plasma. Acid etch cleaning can remove 1-2 nm of silica to remove chemisorbed films so 

that the same set of fabricated surfaces can be reused many times over before the silica 

becomes too thin or rough for use in various experiments.38 Furthermore, the surfaces can be 

handled and stored for long time as the silica surface is robust (in contrast to mica surfaces 

that are very fragile and easily scratched or damaged). Composite surfaces, that were exposed 

to an aqueous environment, remained stable for up to nine days of experimentation before 

delamination (i.e., failure) occurred. Unstable composite surfaces show clear signs of 
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delamination of the deposited layers, such as cracks, hairlines, etc. These signs can be clearly 

seen by the naked eye and as distortions in the fringe position of the FECO (by a few hundred 

nanometers) due to the varying distance between the reflective layers, as shown in Figure 2.3. 

 

Figure 2.3 (a) Final stages of failure of the composite surfaces and (b) the resultant 

distortions in the FECO after exposure to deionized water after a period of eight days. The 

initial stage of failure is due to penetration of the aqueous solution at the edges of the disk, 

through cracks and defects present on the disk itself before deposition, which causes the 

deposited metal and silica layers to delaminate from the base silica disk and SU8 layers. Once 

the initial delamination occurs, it propagates quickly through the entire composite surface over 

a few hours and results in catastrophic failure of the surfaces as demonstrated by the release 

of the deposited silica and metal layers. 

Signs of delamination typically appeared after approximately nine days of use in aqueous 

environments, and these cracks and hairlines quickly (within a few hours) led to failure of the 

deposited layers. The delamination of the silica and metal layers (or loss of metal-SU8 

adhesion) is caused by water penetrating along the edges of the surface through defects and 

cracks present on the base silica disk before deposition. If stored in ambient conditions, the 

fabricated surfaces have a shelf life of at least 3-4 months before initial signs of delamination 

are observed. These features assist in removing one of the largest barriers to current SFA use, 

the surface preparation procedures, and facilitates the expansion and growth of surface force 

characterization and other optical/interferometry techniques.  The complete silica composite 

surface is shown in Figure 2.2b when deposited on a cylindrically-curved (R = 2 cm) disk, 
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though the process is easily modified to work with flat and spherical geometries as well. See 

the experimental section at the end of the paper for exact details regarding fabrication. 

For the composite surfaces to be relevant and useful for accurate measurements of surface 

and interface phenomena, the roughness of the surfaces must be carefully controlled to satisfy 

desired conditions. In many cases, surface force measurements require a knowledge of the 

contact area and very smooth surfaces, sub-nanoscale roughness, to accurately measure 

surface forces such as hydration (at separation distances < 3 nm), electrostatic (at separation 

distances < 10 nm), and adhesion forces. Figure 2.2c shows a representative atomic force 

microscopy (AFM) scan of the fabricated surfaces using an RF backsputter power, PRF, of 80 

W. The single scan highlighted in Figure 2.2d demonstrates that the surfaces are randomly 

rough with a mean roughness of 0.32 ± 0.05 nm and a peak-to-peak roughness of 1.3 nm, 

which is acceptable for measuring surface forces and roughness in most systems, especially 

those of engineering interest. 

The bulk mechanical properties, such as the modulus of elasticity or coefficient of thermal 

expansion, can also be readily modified by adjusting the SU8 polymer used in the 

compressible layer. This can be adjusted independently of the surface chemistry (of the silica 

surface) to allow for combinations of surface chemistry and modulus of elasticity that are 

unobtainable for most current systems, including the JKR apparatus and SFA. 

In addition to modifying the surface chemical and bulk mechanical properties, there are 

systems where modifying the surface roughness is desired to observe the effect of changing 

roughness on surface interactions and/or chemical processes. The surface roughness can be 

modified by adjusting the RF sputter deposition parameters, especially the height, pressure, 

and backsputtering power, PRF. By adjusting any of these conditions, the desired surface 
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roughness can be tailored as measured by AFM and is demonstrated in Figure 2.4 through 

variation of PRF. Further exploration of the various deposition parameters would allow for a 

greater variation in obtainable surface roughness. 

 

Figure 2.4 The surface roughness of the composite surfaces can be controlled through 

variation in radio frequency (RF) power, PRF, during RF sputtering of the SiO2 layer. For the 

composite surfaces with different surface roughness, no shift in the FECO position or film 

thickness was determined to within ± 1 Å in aqueous environments, indicating that no 

observable change in the porosity occurred. The vertical bars at each data point represents the 

variance in the average surface roughness, Ra. The inset picture is a representation of how Ra 

is determined by averaging the height of each peak and valley, using evenly spaced points, 

across the sample. 

The composite surfaces with tunable random roughness should allow for the direct 

measurement of the effects of random or patterned roughness on the forces and friction 

between extended surfaces in a variety of systems, which has previously been difficult to 

measure due to the limited capabilities of traditional mica surfaces in the SFA. Additionally, 

there are systems which are naturally rough where understanding the effects of roughness on 

different surface forces is necessary to understand the relevant parameters in surface and 

interface processes, as is relevant in the adhesion of bio-organic membranes39 as well as the 

effect of roughness on electrostatic forces in battery-like environments.40  
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2.4.2 Double layer interactions using the fabricated disks 

The ultra-smooth silica layer (RMS roughness < 0.4 nm) allows for measurement of 

surface forces in the SFA with accuracy and resolution comparable to traditional mica and 

other surfaces that have perfect cleavage. Figure 2.5a shows the FECO for the fabricated 

surfaces in a cross-cylinder geometry for an 800 nm thick silica layer with a 50 nm reflective 

silver layer. The smooth surfaces are comparable to the FECO of traditional mica surfaces 

shown in Figure 2.1c and show significant compressibility to indicate the flattening of the 

surfaces in hard contact. The diameter of the totally flattened area, φ, at the same contact 

wavelength, λn, is 60 μm, showing that the adhering surfaces are molecularly smooth with no 

asperities or particles between them. 

 

Figure 2.5 (a) FECO of fabricated SiO2 (800 nm thick) surfaces in air using the SFA. Due 

to how thin the SiO2 layer is, the wavelength regime that fringes span is larger for the 

fabricated surfaces compared to traditional mica SFA. (b) Force runs in varying concentration 

(1, 10, and 20 mM) NaCl solutions using the fabricated surfaces. The double-layer decay 

length, κ-1, for electrostatic forces was fit using an exponential function. The theoretical decay 

lengths for 1, 10, and 20 mM NaCl solutions are 9.6 nm, 3.0 nm, and 2.1 nm, respectively. 

The measured decay lengths were all within 10% of the theoretically predicted values. The 

measurements were performed and verified over the course of 72 hours using surfaces 

previously stored for one month at 22°C and 600 mT. 
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Previous studies in the literature have studied surface forces on silica in different 

environments by depositing thin-films of silica onto mica or with thin sheets of glass-blown 

silica. The deposited silica thin-films could not be thicker than 15 nm to avoid delamination 

due to internal stresses and still suffered from the stability issues of traditional mica surfaces.37
 

The blown-glass silica surfaces are significantly thicker than typical hand-cleaved mica sheets 

and not cylindrical, reducing resolution and complicating the contact geometry. The new 

composite surfaces provide new opportunities for surface force analysis with silica surfaces 

that were previously unobtainable. 

The composite silica surfaces were used to measure the van der Waals and electric double-

layer forces between the two silica surfaces in various NaCl solutions as shown in Figure 

2.5b to verify the accuracy of the force measurements with the fabricated surfaces. The force 

runs for silica composite surfaces in 1, 10, and 20 mM NaCl were fit with exponentials to give 

decay lengths of 9.1, 3.1 and 2.3 nm, respectively. The values for the decay lengths were 

within 10% of the theoretically predicted values (Eq. (14.37) in ref. 25) for 1:1 electrolytes 

for dynamic force runs. Additionally, the van der Waals adhesion force/radius, F/R, was 

measured in air to be 11.5 mN m-1 while the theoretical force calculated using F/R = -A/6D2 

for cross-cylinder surfaces was -10 mN m-1.25 The accurate measurement of surface forces 

with the composite silica surfaces in NaCl solutions demonstrates that the composite surfaces 

match the force measuring capabilities of traditional mica surfaces yet have the advantage of 

tunability and reusability as previously discussed. 

2.4.3 Surface chemistry modification through silane chemistry 

The benefit to composite silica surfaces is that silica (and its glassy variants) is one of the 

most broadly used inorganic materials across a multitude of fields. As such, the manipulation, 
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chemical modification and functionalization of SiO2 materials is well documented and 

characterized, providing a vast library of references for modification procedures that can 

easily be adopted to work on the composite surfaces.41,42 Figure 2.6 demonstrates a few of 

the methods typically used to modify SiO2 materials, such as deposition, chemical reactions, 

or adsorption, which can be extended to modification of the composite silica surfaces. Using 

these procedures, the surfaces and interfaces available to the scientific community can be 

greatly expanded to allow for measurement of interfaces that are more like those of 

fundamentally and technologically relevant systems. 

 

Figure 2.6 Different ways through which the silica fabricated disks can be modified via 

chemical reaction (i.e., chemisorption), deposition (i.e., physisorption), adsorption from 

solution, etc. to produce novel inorganic/organic surfaces for surface and interface analysis in 

a variety of environments. 

The application of silane reaction chemistry highlights an example of how the composite 

surfaces can be modified. The octadecyltrichlorosilane (OTS) (dissolved in toluene) adsorbs 

and reacts with the silanol groups of the silica composite surfaces, which changes the 

hydrophobicity of the surface drastically from fully-wetting (hydrophilic) to hydrophobic with 
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a contact angle of approximately 110°.[34] Here, the initially unmodified silica composite 

surfaces have a water contact angle of 0° and water will fully wet the surface due to the 

hydrophilic nature of the partially-silanated surface. Figure 2.7 shows how the water contact 

angle of the unmodified SiO2 surfaces goes from 0° to 105° after reaction with OTS for 12 

hours, and to 112° after a reaction with OTS for 24 hours, which indicates an extremely 

hydrophobic surface and successful modification. Recently, OTS-modified mica surfaces 

were prepared which were used to study OTS interface interaction mechanisms.45 Due to the 

low reactivity of the mica surface, the OTS-modified surfaces had significantly lower contact 

angles compared to traditional OTS self-assembled monolayers reported here and in the 

literature. 

 

Figure 2.7 Measured water contact angle for OTS-modified composite silica surfaces at 

(a) 12-hour and (b) 24-hour reaction times (tr) in OTS. The grey line indicates the actual 

position of the OTS surface as the reflective layer of the disks creates a reflection that is 

observed below this line. The unmodified SiO2 surface of the fabricated disks demonstrated 

complete wetting (water contact angle of 0°). 

The reaction of alkylchlorosilane compounds at silica surfaces have been widely studied 

and is known to form a self-assembled monolayer which has applications in passivating layers, 

anti-stiction coatings, and preparation of functional materials.43,44 Using the SFA, the 



 

 32 

interactions of the OTS surfaces in aqueous environments can be studied to understand their 

adhesion and passivating properties which are important to a wide range of systems. 

The result of an OTS modification of the composite silica surfaces can be observed by 

direct changes in the FECO fringes, as seen in Figure 2.8. The silica surfaces were coated 

with OTS using a reaction time, tr, of 12 hours using OTS in toluene and the roughness of the 

surfaces slightly increased, as can be seen by the broadening of the FECO fringe near contact 

in Figure 2.8b. The increased roughness is confirmed using an AFM which shows an increase 

in RMS surface roughness from 0.35 to 0.72 ± 0.05 nm (see Figure 2.8d). Using the slight 

shift in the positioning of the fringes, the thickness of the OTS layer on each surface was 

determined to be around 8 nm, which suggests approximately three layers of OTS remain on 

the surface. A longer reaction time, tr, of 24 hours, presented in Figure 2.8c, results in further 

broadening of the FECO fringe at contact, indicating a larger increase in roughness of the 

surfaces. Due to the highly compressible nature of the film, quantitative determination of the 

roughness using AFM was too difficult. 
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Figure 2.8 FECO for (a) as-fabricated, unmodified SiO2 surfaces, (b) OTS modified SiO2 

surfaces with 12 hours of reaction time, and (c) OTS modified SiO2 surfaces with 24 hours of 

reaction time (tr) in contact in air using the SFA. The increase in roughness is apparent through 

the increased variation in intensity at contact along the fringe. (d) Roughness characterization 

of the OTS modified SiO2 surfaces with 12 hours of reaction time by AFM. The RMS 

roughness has increased from 0.35 nm for the unmodified surfaces to 0.72 ± 0.05 nm. 

Figure 2.9 shows the physical effects of the OTS multilayer formed on the SiO2 surface, 

we measured the interaction forces between two OTS-modified SiO2 surfaces (R ≈ 2.5 cm) in 

de-ionized water using the SFA. A strong, hydrophobic adhesion forced was measured during 

separation, again indicating successful modification of the surfaces compared to the 

unmodified surfaces which only exhibited DLVO forces with no hydrophobic adhesion. The 

strong adhesion force Fad/R = 270 ± 20 mN m-1, which corresponds to an interfacial energy 

of W0 = 58 ± 4 mJ m-2, of the two OTS surfaces is due to interaction between the hydrophobic 

chains of the OTS on each surface, with the adhesion energy W0 = 2Fad(Dj)/3πR given by the 

JKR theory.25 The strong hydrophobic adhesion force measured was of similar magnitude to 

the hydrophobic adhesion measured using the SFA for hexadecyltrimethylammonium 

bromide (CTAB) of approximately 100 mN m-1.46 This verifies the success of the silanol 

chemistry-based surface modification procedure to produce OTS surfaces. Further analysis of 

these OTS surfaces in different interfaces and environments can yield new insights into their 

role in passivation layers and anti-stiction coatings that were previously inaccessible due to 

the limitations in current surface and interface characterization methods. This is especially 

important for the SFA which can easily measure the interaction forces, including friction and 

wear, with relevant interfaces and solution environments, though further investigation is 

beyond the current scope of this paper. 
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Figure 2.9 Measured adhesive hydrophobic interaction force for adsorbed layers of 

octadecyltrichlorosilane (OTS) on SiO2 in deaerated, deionized H2O. The adhesion force 

measured was Fad/R = 270 ± 20 mN m-1 which corresponds to an adhesion energy of Wad = 

58 ± 4 mJ m-2. The OTS reaction procedure was not fully optimized to form a perfectly smooth 

monolayer which is why there is separation even for hydrophobic surfaces in water. A typical 

error bar is shown for the measured adhesion forces. 

 

2.5 Conclusions 

We presented a procedure for fabricating ultra-smooth, deformable, chemically functional 

silica composite surfaces for the SFA, and other sub nano-scale optical/interferometric 

techniques, that drastically enhances the accuracy, range, and complexity of interfaces that 

can be studied using surface interaction measurement techniques. The composite surfaces 

include a compressible polymer layer to support monitoring contact mechanics and observing 

deformations (important for measuring the contact area), a reflective layer used for 

optical/interferometry measurements, and a silica terminal layer which is the exposed 

interacting interface that can be easily functionalized. Each of the layers can be modified to 

vary the physical (i.e., mechanical), optical, and chemical properties of the surfaces to 

simulate a broad range of systems of fundamental and practical interest. The surfaces are more 

robust than traditional (hand-cleaved) “model” mica surfaces commonly used in SFA, AFM, 
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and various characterization techniques that require molecularly smooth surfaces, and can be 

cleaned and reused for several different experimental setups over a prolonged period before 

failing, as compared to the single experimental use of mica surfaces. We also demonstrated 

the ability to vary the surface roughness from sub-nm to the nm scale (which is difficult with 

traditional mica surfaces). Finely-tuned modifiable surface roughness enables further studies 

of the effect of roughness on surface forces and interactions. 

Using the composite surfaces, we accurately measured the electric double-layer Debye 

lengths (decay lengths) between silica in various weak electrolyte solutions, with an accuracy 

comparable to that achieved using mica surfaces. We propose that the top silica layer could 

be modified by deposition, adsorption, or reaction to control the chemical nature of the silica 

surface, and we demonstrated one method of modification through silanol reaction with OTS 

to form hydrophobic OTS multi-layers on the silica surface and quantitatively measured their 

strong hydrophobic interaction forces in water using the SFA. 

We conclude that the procedure for generating fabricated composite surfaces opens new 

possibilities for experimental measurements and characterization techniques. For the SFA 

especially, these surfaces are capable of reproducing the force-measuring capabilities of 

traditional mica surfaces, but with the modifiability of silica that enables a much broader range 

of surfaces and interfaces to be fabricated using deposition, adsorption, or chemical reaction. 

Combining these new functionalities with the ability to also manipulate the mechanical 

properties (e.g., deformability) of the surfaces enables the study of more realistic systems that 

are relevant to engineering applications. Further applications of these composite surfaces to 

other techniques, like AFM, colloidal probes, or the JKR apparatus, may provide opportunities 
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to overcome limitations in current surface measurement techniques for studying previously 

unattainable surface phenomena across a multitude of scientific and engineering disciplines. 
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Chapter 3:  Electrochemically enhanced dissolution at confined, 

asymmetric interfaces 

3.1 Electrochemically enhanced dissolution of silica and alumina in alkaline 

environments 

3.1.1 Abstract 

Using a surface forces apparatus (SFA), we determine the influences of electrostatic 

surface potential and ionic strength on the enhanced dissolution of alumina and silica in 

confinement (< 3 nm) with dissimilar charged surfaces in aqueous environments. We find 

more rapid dissolution of alumina and silica in close proximity to mica compared to isolated 

alumina or silica materials in bulk solutions, consistent with previous observations. 

Furthermore, we demonstrate that the dissolution of silica in close proximity with a gold 

electrode in weakly alkaline solutions depends directly on the applied electrostatic potential. 

We propose that the enhanced dissolution phenomenon arises from overlap of the electrostatic 

double layers between the dissimilar charged surfaces at small inter-surface distances (< 3 

nm). A simple, semi-quantitative model shows that overlap of the electrostatic double layers 

changes the magnitude and direction of the electric field at the surface of the dissolving 

material, which our results suggest drives enhanced dissolution of the surface with the higher 

potential. We show that dissolution rates of silica and alumina may be increased by up to two 

orders of magnitude by changing the surface electrochemical properties and solution 

conditions. Our findings yield fundamental insights into the influences of electrostatics on 

dissolution processes at asymmetric solid-liquid-solid interfaces and provide new methods for 

manipulating dissolution with relevance for diverse technological applications. 
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3.1.2 Introduction 

Dissolution of inorganic oxide materials, such as silica and alumina, plays a crucial role 

in the development and formation of macroscopic properties in many natural and 

technological systems, from structural materials1,2 to microelectronics3,4  and catalysts.5 

Enhanced dissolution, defined as dissolution that is greater than the single-surface dissolution 

rate measured in the same bulk solution conditions, is observed at confined, asymmetric solid-

liquid-solid interfaces. For example, increased dissolution is observed in many geologic 

environments at mineral-mineral grain boundaries (e.g., quartz-muscovite mica) in aqueous 

environments and is known as pressure solution.6 Chemical-mechanical 

polishing/planarization (CMP) of wafer materials is important for semiconductor processing 

and involves an aqueous slurry of silica particles used to polish a wafer of a much harder 

material.7,8 Inorganic polymer binders are produced from partial dissolution and condensation 

of aluminosilicate particles in a dense slurry under highly alkaline conditions to form high-

strength cementitious networks with applications for low-CO2 structural materials.9,10 

Inorganic oxide materials with applications for drug delivery and heterogeneous catalysis 

have been shown to crystallize via non-classical mechanisms involving dissolution and 

reprecipitation of precursor species in alkaline conditions.5,11,12 In each of these examples, 

dissolution of surface silica or alumina species in aqueous environments is an important step 

in the development of macroscopic properties of interest, such as compressive and tensile 

strength in cements, resistance to corrosion in structural materials, increased material removal 

rates for semiconductor processing, or pore structure of porous oxide catalyst supports.  

As dissolution of alumina and silica materials is important for many different 

applications, the kinetics of silica and alumina dissolution under a variety of technologically 
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relevant conditions have been widely characterized; however, the mechanism of silica and 

alumina dissolution remains poorly understood.13-15 Specifically, the fundamental physico-

chemical driving forces related to differences in dissolution rates in different aqueous 

environments are still largely unknown.16-18 Improved understanding of enhanced dissolution 

of inorganic oxide materials, especially silica and alumina, will yield improved understanding 

of many industrial processes, ranging from CMP of oxide materials to formation of structural 

materials. 

Under most conditions, inorganic oxide materials such as silica and alumina exhibit 

very low dissolution rates; however, under certain aqueous conditions, dissolution rates of 

silicates and aluminates in asymmetric, confined solid-liquid-solid interfaces have been 

observed to increase dramatically. For example, Greene et al. studied a natural phenomenon 

known as “pressure solution,” where mineral solubility increases at grain boundaries with 

ground water present.  This phenomenon had previously been attributed to high pressures 

under the geologic conditions.19,20 At such confined solid-liquid-solid interfaces, muscovite 

mica has been observed to penetrate into quartz (e.g., a silica material), despite the fact that 

mica is significantly softer than quartz.21 It was concluded that quartz had dissolved along the 

quartz-mica interface, allowing the mica to penetrate through the significantly harder quartz 

grain. Greene et al. studied dissolution at the asymmetric silica-water-mica interface and 

found that the silica surface exhibited enhanced dissolution, even without high geologic 

pressure.22 Further work by Kristiansen et al. showed that the pressure solution phenomena 

depended on the relative potentials of the surfaces under the same geologic solution 

conditions.23 However, the relationship between surface electrochemical properties and 



 

 43 

dissolution rates has not been determined for surfaces in other geologic and non-geologic 

solution conditions. 

 Enhanced dissolution phenomena are also observed in chemical-mechanical polishing 

(CMP) of inorganic materials, such as silicon or aluminum wafers for semiconductor 

processing, where dissolution rates and material removal rates are orders-of-magnitude faster 

than the rates of dissolution of single isolated surfaces. The origin of the increased dissolution 

rates is widely debated. A leading explanation for the enhanced dissolution observed in CMP 

is that chemical reactions of the solution with the surfaces form surface layers that are softer 

than the bulk material of the substrate. For example, previous studies show that colloidal 

particles tens to hundreds of nanometers in diameter or polishing pads with micron-scale 

roughnesses can polish wafer materials to achieve sub-nanometer surface roughness.8 The 

polishing of silicon wafers with alumina nanoparticles has been suggested to proceed through 

formation of surface aluminosilica layers that are susceptible to mechanical abrasion, resulting 

in increased dissolution rates and polishing of surfaces.4,24 This hypothesis is in contradiction 

with well-established evidence suggesting that the limit of surface roughness achievable in 

mechanical polishing processes depends on the roughness of the material used to polish the 

substrate.25 The disparity between the roughness of the abrading surface and the much lower 

roughness of the polished surface calls for a new explanation for dissolution of the surface 

layer. Moreover, the relationship between the composition of the colloidal slurry, electrolyte 

concentration, pH, and the observed dissolution rates are only empirically understood.4 

Further studies on the physico-chemical driving forces influencing the dissolution phenomena 

are required to develop a deeper understanding of enhanced dissolution and better control of 

CMP processes. However, similar to the pressure solution phenomenon, the CMP process can 
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be considered as an asymmetric solid-liquid-solid interface in nanoscale proximity due to the 

high-density slurry used to polish the wafer materials. 

In this work, we studied the enhanced dissolution of alumina and silica in close proximity 

to muscovite mica (i.e., silica-solution-mica or alumina-solution-mica). Using a surface forces 

apparatus (SFA), we measured the dissolution of alumina and silica materials in confinement 

with mica under different weakly alkaline, solution conditions. We find more rapid dissolution 

of alumina and silica in close proximity to mica when compared to single-surface dissolution 

of alumina or silica in similar bulk solutions, consistent with previous results. We propose 

that this dissolution enhancement results from changes in the electrostatic potential 

distribution between the asymmetric surfaces due to overlap between electrostatic double 

layers. We also demonstrate that the dissolution rate of silica in contact with a gold electrode, 

under similar weakly alkaline solution conditions, can be directly manipulated by changing 

the applied potential of the gold electrode. Based on these results, we propose that the 

dissolution enhancement results from changes in the electrostatic potential distribution 

between the asymmetric surfaces due to overlap between electrostatic double layers. Our 

findings support a general concept for dissolution enhancement based upon the surface 

electrochemical properties and solution conditions, which can be applied to manipulate 

dissolution rates by several orders of magnitude for typically slow-dissolving alumina or silica 

materials. 
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3.1.3 Experimental methods 

3.1.3.1 Surface forces apparatus dissolution measurements 

Dissolution measurements of the change in silica and alumina nanoparticle height, Δd, 

were performed using a Surface Forces Apparatus (SFA). A detailed description of the SFA 

technique can be found in Ref. 26 and a schematic of the instrument is shown in Figure 3.1. 

Briefly, the distance between the surfaces was monitored with multiple beam interferometry 

and controlled with a piezoelectric crystal or micrometer. The deflection of a double cantilever 

spring was used to determine the interaction force between the two surfaces. Using the SFA, 

distances and forces are measured with experimental errors of F/R = ± 0.02 mN/m and D = ± 

2 Å. 

Amorphous SiO2 25-50 wt% solutions of 200 ± 50 nm (NanoComposix, 10 mg/mL 

suspension in water) and polycrystalline Al2O3 (puriss., ≥ 99.8% Al2O3 basis) colloidal 

nanoparticle solutions were prepared in an aqueous solution made using de-ionized water (3 

MΩ·cm, TOC < 7 ppb), pH 10 to 11, 0 to 10 mM NaCl. The nanoparticle solution was injected 

between two freshly prepared single-crystalline mica surfaces. with the surfaces were then 

compressed to 2-3 atm, compressing 1-3 nanoparticles in the contact area, and the height of 

the particle is measured to ± 3 Å using interference fringes (fringes of equal chromatic order, 

FECO) as shown schematically in Figure 3.1.  



 

 46 

 

Figure 3.1 Schematic of SFA experimental setup used to measure the dissolution of 

alumina or silica nanoparticles trapped between mica surfaces in alkaline solution. The FECO 

images show the surface profile for (a) symmetric mica surfaces in air and (b) a silica (or 

alumina) particle confined between the same mica surfaces in pH 10 NaOH. The deformation 

in the FECO is caused by the height of the particle, D, which is tracked over the course of the 

experiment to measure the dissolution. 

Surface deformation caused by the confined particles appear as distortions in the FECO. 

Dissolution of the compressed nanoparticle was calculated from the change in the distortion 

height over time and is shown in Figure 3.3. The remaining volume, approximately 200 mL, 

of the SFA is filled with the same alkaline solution, an approximately ‘infinite reservoir’ 

condition for the dissolution based on the solubility of alumina and silica.  

3.1.3.2 Electrochemical pressure-cell dissolution measurements 

Dissolution measurements of silica surfaces in contact with a gold electrode were 

performed using a custom-built electrochemical pressure-cell. The Teflon pressure-cell had a 

total volume of approximately 200 mL. The bottom surface was spring loaded where the 

applied force was measured with strain gauges. Two surfaces in a sphere-on-flat geometry 

were compressed to 2-3 atm in the pressure cell to ensure that the surfaces remain in close 
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proximity throughout the experiment. The spherical surface was a gold electrode (roughness 

= 2 nm RMS) prepared by template stripping from an atomically smooth mica surface and 

connected to a potentiostat via a gold wire.38,39 The bottom, flat surface was an approximately 

500 nm thick SiO2 film, (roughness = 1 nm RMS) on a Si wafer, with thickness measured by 

ellipsometry (Woollam Spectroscopic Ellipsometer). A schematic of the cell is shown in 

Figure 3.2. A potentiostat (Gamry, Model Reference 3000) was used to control the surface 

potential of the gold electrode. For each silica dissolution experiment, the pressure-cell was 

filled with aqueous solution, pH = 10, prepared using NaOH (Sigma-Aldrich, ≥ 98%). The 

silica was then allowed to dissolve for 24 hours at each applied potential. After dissolution at 

each potential, the thickness of the silica layer was measured again with ellipsometry. The 

average dissolution rate for each applied potential was calculated by dividing the change in 

silica thickness by the 24-hour time interval. 

 

Figure 3.2 Schematic of the electrochemical pressure cell used to measure the dissolution 

rate of a flat silica surface at various applied surface potentials in a pH 10 NaOH solution. The 

silica surface is on a spring-loaded platform that can be compressed to maintain high pressure 

which ensures the surfaces stay in close proximity (< 3 nm) throughout the experiment. A 

potentiostat is used to apply a constant potential to the gold surface (working electrode) using 

a Ag|AgCl reference electrode and a platinum mesh counter electrode. Ellipsometry 

measurements of the silica thickness before and after the dissolution were used to determine 

the average dissolution rate over a 24-hour time period. 
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3.1.4 Results and Discussion 

3.1.4.1 Enhanced dissolution of alumina and silica 

The dissolution rate of silica and alumina particles in aqueous alkaline solution conditions 

is increased by proximity to a muscovite mica surface, forming asymmetric solid-liquid-solid 

interfaces with solid-solid separation distances of 1 to 10 nanometers. For these particle 

dissolution experiments, silica or alumina nanoparticles (20-300 nm in diameter) in aqueous 

solutions are compressed between two extended mica surfaces using a Surface Forces 

Apparatus (SFA).26 A schematic of the SFA experimental setup and pictures of the 

interference fringes taken before and after the nanoparticles are compressed are shown in SI 

Fig. 3.3. The nanoparticles were compressed to 2-3 atm between the mica surfaces in pH 10 

and 11 alkaline solutions and the particle diameter was measured as a function of time (Fig. 

3.3, schematic inset). The initial time, t = 0, is designated as after the compression of the 

nanoparticle and adjustment of the optics in the SFA, which results in an average delay of 2 

± 1 minutes during which particles are exposed to the alkaline solution in contact with mica, 

but particle diameter is not measured. Additional details of the experiment setup are provided 

in the Materials and Methods section. Figure 3.3 shows the changes in the particle height, Δd, 

as a function of time for confined silica and alumina nanoparticles in different solution 

conditions (circular points) are compared to the single-surface dissolution for similar alumina 

and silica materials under the excess solution conditions (dashed lines). The initial dissolution 

rate of each nanoparticle is large, shown by the steep slope at early times in the inset of Fig. 

3.3, but decreases exponentially with time.  
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Figure 3.3 Measured change in particle height, Δd, as a function of time for spherical 

amorphous silica (green and orange) and polycrystalline alumina (red) particles trapped 

between mica surfaces in alkaline solutions of 0.1 mM NaOH (pH 10, red and green) and 1.0 

mM NaOH (pH 11) with 10 mM NaCl (orange) are shown as individual data points. The error 

of each data point is ±3 Å. The dashed lines represent linear extrapolations of the measured 

singe-surface dissolution rate as labelled reference from the literature as indicated in the 

text.18,27,28 The decrease in the particle heights over time indicates dissolution of the particle 

between the surfaces, which is enhanced relative to the dissolution of the extended surfaces. 

The dissolution of each nanoparticle, i.e. the change in height of the trapped nanoparticles, 

can be empirically fit with an exponential equation as the dissolution rate decreases over the 

reported experiment time. For the dissolution of the polycrystalline alumina nanoparticle, the 

dissolution can be fit to: 

 ∆𝑑 = 𝐷0𝑒−𝑡/𝜏0 Å (3.1) 
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where D0 is the initial particle diameter, t is time, and τ0 is the time constant where the particle 

height has decreased to D0/e.  

The dissolution of alumina and silica nanoparticles near mica surfaces exhibit 

exponentially decaying dissolution over the long experiment times. For the dissolution of 

alumina nanoparticles between mica surfaces at pH 10, shown in Figure 3.3 as the red points, 

D0 is 58 ± 3 Å and τ0 is 2600 ± 100 minutes. For the dissolution of silica nanoparticles 

between mica surfaces at pH 10, shown in Figure 3.3 as the green points, D0 is 71 ± 3 Å and 

τ0 is 990 ± 20 minutes; however, the behavior does not perfectly fit an exponential decay due 

to the observed ‘stepping’ behavior where periods of active dissolution and periods where the 

dissolution rate is strongly inhibited are observed. It has been hypothesized in the literature 

that the periods where dissolution is significantly slowed is due to the formation of pits at the 

surface which leads to local saturation of the silicate ions. Eventually, the pits collapse and 

allow the saturated solution to diffuse out of the pits located within the confined interface and 

into the bulk solution which is undersaturated with regards to the silicate ions.22 During 

dissolution, the presence of nanometer scale surface structure inhomogeneity significantly 

influences the formation and geometry of pits through the preferential dissolution at point 

defects as described by Dove et al.40 

For the dissolution of silica nanoparticles between mica surfaces at pH 11 and 10 mM 

NaCl, shown in Figure 3.3 as the orange points, D0 is 476 ± 3 Å and τ0 is 797 ± 3 minutes 

analyzing from after 70 minutes. The initial time behavior, for t < 70 minutes, exhibits strong 

variation in the observed dissolution rates which may also be due to the ‘stepping’ behavior 

observed for the dissolution of silica nanoparticles between mica surfaces at pH 10. 
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The decrease in the dissolution rate over time may be due to local saturation of the 

dissolved species in addition to the limited transport of the dissolved species from the confined 

gap, however studies to verify this are beyond the scope of this paper and will be explored in 

future work. 

The average dissolution rate, calculated by dividing the total height change, Δd, by the 

total time of the experiment, can be used to determine the degree of dissolution enhancement, 

𝜖, compared to the single-surface bulk dissolution rate, where adequate (and still) volumes 

were used such that saturation does not occur.  

 
𝜖 =

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙𝑙𝑦 𝑎𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑠𝑖𝑛𝑔𝑙𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
 

(3.2) 

The degree of enhancement provides a means for quantifying and comparing the influence 

of asymmetric interfaces on dissolution enhancement for different materials, such as silica and 

alumina, which have different base dissolution rates under given solution conditions. For 

example, the dissolution rate of single-surface polycrystalline alumina in pH 10 bulk solution 

is approximately −(2.5 ± 0.1) × 10−6 Å

𝑠
, as previously reported for a similar material in a pH 

10 NaOH solution in the literature.27 For comparison, the average dissolution rate of the 

polycrystalline alumina particle confined between two mica surfaces (Fig. 3.3, red points) was 

measured to be −(1.1 ± 0.1) × 10−4 Å

𝑠
, which is 44 times larger than the dissolution of 

isolated polycrystalline alumina surfaces in pH 10 bulk solution (Fig. 3.3, dashed red line), an 

enhancement factor of 𝜖 = 44. Therefore, the dissolution rate of polycrystalline alumina 

increased by over one order-of-magnitude when confined between mica surfaces compared to 

a single-surface exposed to bulk solution.   
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The reported dissolution rate28 for amorphous silica in pH = 10 solution is −(2.7 ±

0.1) × 10−4 Å

𝑠
 (Fig. 1, dashed green line) and the measured average initial dissolution rate for 

an amorphous silica nanoparticle confined between mica surfaces is −(1.0 ± 0.1) × 10−3 Å

𝑠
 

(Fig. 3.3, green points), which gives an enhancement factor of 𝜖 = 4. For both alumina and 

silica, enhanced dissolution occurs upon introduction of a surface (mica) that has a more 

negative surface potential than the dissolving surface. While the degree of enhancement is an 

order of magnitude lower compared to the alumina-mica case discussed above, the dissolution 

of amorphous silica is still enhanced through the introduction of an electrochemically distinct 

surface (i.e., mica). To understand the importance of surface electrochemical properties, the 

degree of enhancement can be compared with respect to the electrochemical surface potentials 

for silica, alumina, and mica. 

Although the initial dissolution rate of particles in close proximity to a mica surface is 

higher than the dissolution rate of isolated surfaces of the same material, at longer times the 

single isolated surface dissolution rate is larger. We attribute this to diffusion (or transport) 

limitations and local saturation of dissolved species near the confined particles. In the particle 

dissolution experiments, the particles are confined between two mica surfaces and dissolved 

species must diffuse through the gap containing the particle to the bulk solution, similar to 

results reported by Alcantar et al.29 Transport from the gap will be limited due to the high 

pressure in the contact area and the small mica-mica separation (ca. 10 Å) around the trapped 

particle. This decreased transport will result in local saturation of the dissolved silicate species 

and reduction of the dissolution rate. Single-surface dissolution environments involve less 

transport limitations, so the dissolution rate at long times is expected to be higher for isolated 

surfaces than for surfaces confined at an asymmetric solid-liquid-solid interface. 
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Enhanced dissolution occurs at solid-liquid-solid interfaces where the two solid surfaces 

are electrochemically distinct (i.e., different surface materials or structures) but not in systems 

with similar electrochemical properties, as shown by Greene et al.22 At pH = 10, the surface 

potentials of alumina, silica, and mica are approximately -20 mV, -90 mV, and -110 mV, 

respectively.30-32 The difference between the surface potentials of alumina and mica is larger 

than for silica and mica, which correlates to the significantly greater degree of enhanced 

dissolution observed for the alumina particle confined between mica surfaces. This suggests 

that one of the most important parameters for dissolution enhancement is the relative surface 

potentials of the two electrochemically distinct surfaces at a solid-liquid-solid interface. 

Pourbaix diagrams have been used in the study of corrosion processes to understand whether 

materials will dissolve under specific solution and electric potentials, which can provide an 

indicator for which material dissolves.56 

The impact of the ionic strength, and therefore the Debye length of the electrostatic double 

layer, on dissolution was also tested. An electrical charged surface (or surface with non-zero 

electric potential) in aqueous solution develops an electrostatic double layer, a region of 

counterions, to screen the surface charge. Some of the counterions are bound to the surface 

within the Stern or Helmholtz layer, while others form an atmosphere of ions in rapid thermal 

motion close to the surface known as the diffuse electric double layer, which distribution 

follows the Poisson-Boltzmann equation.33 At low surface potentials (<25 mV), the Debye 

length is the characteristic length of this diffuse layer region of the electrostatic double layer 

and depends only on the properties of the bulk solution. The Debye length, κ-1, is given by the 

following equation simplified from the Grahame equation for a monovalent electrolyte at 

25°C:33 
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𝜅−1 = (

𝜀0𝜀𝑘𝑇

2𝜌∞𝑒2
)

1/2

 =
0.304𝑥10−9

√𝑀
𝑚 

(3.3) 

where 𝜀0 is the permittivity of free space, 𝜀 is the bulk dielectric permittivity of the aqueous 

solution, 𝑘 is the Boltzmann constant, T is the temperature, 𝜌∞ is the concentration of ions in 

the bulk, e is the elementary charge of an electron, and M is the molar concentration of the 

monovalent ion in the aqueous solution. 

To test the impact of a significant change in the Debye length, Figure 3.3 also shows 

particle dissolution data for the same type of silica particles confined between mica surfaces, 

but in a pH = 11 (1 mM NaOH) solution with 10 mM NaCl. This is a change in Debye length 

from 30.4 nm in the pH = 10 solution to 2.9 nm in the pH = 11 solution with 10 mM NaCl. 

The reported dissolution rate18 for amorphous silica in pH = 11 solution with 10 mM NaCl is 

−(1.1 ± 0.1) × 10−2 Å

𝑠
 and the measured initial dissolution rate, at t < 100 minutes, for 

amorphous silica particles between mica surfaces is −(2.5 ± 0.1) × 10−2 Å

𝑠
, which gives a 

degree of enhancement of 𝜖 = 2.5. The enhancement factor appears to be reduced with the 

shorter decay length; however, the surface potentials also change with the solution properties. 

The change in decay length significantly influences the degree to which the diffuse layer 

portions of the electrostatic double layer overlap. A larger decay length will have more overlap 

compared to a shorter decay length for the constant 3 nm separation. The more the diffuse 

layer portions overlap, the stronger the influence on the local electrostatic potential change. 

The surface potentials of mica and silica are approximately -70 mV and -50 mV, respectively, 

in a pH = 11 solution with 10 mM NaCl.34 In addition, silica dissolves at a faster rate in pH 

11, 10 mM NaCl solutions, which provides a significantly faster baseline as the enhancement 

is on the isolated surface natural dissolution rate. As the dissolution rate increases, further 
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enhancement of the dissolution rate will become more difficult. At this point, we cannot 

determine if the absolute magnitude of the surface potentials also has an impact on the 

enhancement factor compared to the difference between the two surfaces potentials. The data 

suggest that solution conditions with longer Debye lengths have greater enhancement factors, 

however, further experiments are required to thoroughly test this concept.   

3.1.4.2 Electrochemically manipulated dissolution of silica 

We hypothesize that dissolution is enhanced due to electrochemical effects arising from 

differences in the electrostatic surface potentials of different surfaces in nanoscale proximities. 

To test this hypothesis, an electrochemical pressure cell (see Figure 3.2) was used to measure 

the dissolution rate of an extended silica surface in contact with a gold electrode at different, 

controlled potentials and constant solution conditions (pH = 10), as shown in Figure 3.2. The 

height of the silica was measured using ellipsometry before and after a 24-hour dissolution 

period. Figure 3.4 shows the average dissolution rates for different applied negative potentials 

on the gold surface. 
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Figure 3.4 Dissolution of silica measured using an electrochemical pressure cell with a gold 

electrode with controllable surface potential is in contact with a silica surface in 0.1 mM 

NaOH (pH 10) solution. A potentiostat was used to maintain constant potential at the gold 

electrode. Each data point represents a single, 24-hour dissolution period at a given constant 

potential with the surface thickness measured before and after dissolution using ellipsometry. 

The dissolution rate is calculated as the total decrease in surface height averaged over the 

entire period. The bars on each data point indicate the error in the calculated dissolution rate 

and the red line indicates an exponential fit to the data with the equation provided in the text. 

The schematic inset shows the inelastic contact of the gold electrode with the silica surface 

under an average pressure of 3 atm. As the surface dissolves, the electrode continues to push 

down to maintain contact/close proximity (<5 nm) with the silica surface. The red dots 

indicate silicate ions diffusing away from the dissolution pit. 

The silica dissolution rate increases with increasingly negative applied potentials, V, at the 

gold electrode, and was described by the following empirical equation: 

  Δ𝑑

Δ𝑡
= 𝐶𝑒

𝑉
𝑉0 + 𝐵0 

(3.4) 

 Δ𝑑

Δ𝑡
= (−12 ± 1) × 10−4𝑒

𝑉

180 𝑚𝑉 + (10 ± 1) × 10−4 Å/s 
(3.5) 

where V0 is the exponential potential constant, C is the pre-exponential constant, and B0 is the 

intercept used to recreate the observed dissolution rate behavior. The empirical model is used 
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to fit the data as the measured dissolution rates are a combination of the reaction kinetics, 

transport principals, and electrochemical response of the system, where the relevant physical 

parameters have been absorbed into C and B0. The dissolution rate of the silica surface 

increased by an order of magnitude over the range of negative potentials applied at the gold 

electrode (-50 to -500 mV). 

The dissolution rate decays exponentially with the applied potential, which indicates that 

at large negative applied potentials, the dissolution rate approaches an upper limit. The 

dissolution rate may be limited by local saturation of solution-phase silicate ions due to 

transport limitations of dissolved species in the confined solid-liquid-solid interface. Ion 

diffusion may be additionally complicated by the formation of pits or surface roughening and 

local saturation effects.22 Additionally, increased adsorption of surface counterions (e.g., Na+) 

can inhibit the transport of surface ionic species along the electrostatic double layer, especially 

at the outer Helmholtz plane.35 If the counterion concentration at the surface is too high, the 

probability of hydroxyl ions existing near the surface will lower and the ability of silicate ions 

to transport away from the surface will be inhibited. This can occur despite the catalytic effect 

that cations have on the silica dissolution reaction16 and can decrease the frequency of 

dissolution reactions occurring. Understanding the role of ion adsorption and transport on 

enhanced dissolution requires a model capable of accounting for transport principals, reaction 

kinetics, and electrostatics of the confined, asymmetric solid-liquid-solid interface.  

3.1.4.3 Electrochemically enhanced dissolution model 

Our experimental results indicate that enhanced dissolution of confined solid-liquid-solid 

interfaces in aqueous conditions depends on the electric field at the interface, which arises 

from the overlap of the electrostatic double layers of the two surfaces and therefore depends 
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on the relative surface potentials, the Debye length, and the surface separation distance. We 

propose the following physiochemical driving force for the observed dissolution 

enhancement. A charged surface in an electrolyte solution causes the ions in solution to 

arrange in an electrostatic double layer satisfying the Poisson-Boltzmann (PB) equation.33 

Within this double layer, the electrostatic potential decays exponentially from its maximum 

at the surface to zero within the bulk solution. The electric field is the gradient of the 

electrostatic potential 𝜓(𝑥) using the equation 𝐸 = −
𝑑𝜓

𝑑𝑥
, where 𝑥 is the coordinate normal to 

the surface.33 When two charged surfaces are brought together close enough that their electric 

double layers overlap, the ion distribution, and hence the electrostatic potential and the electric 

field near the surfaces, rearrange to preserve the distribution following the PB equation. For 

two surfaces with different electrostatic surface potentials, the potential distribution that 

develops as the double layer structures overlap can result in a reversal of the direction of the 

electric field at one of the surfaces. This is illustrated in Figure 3.5 with a plot of the 

electrostatic potential profile between electrochemically symmetric and asymmetric surfaces 

given by the Hogg-Healy-Fuerstenau equation: 

 
𝜓 = 𝜓01

cosh(𝜅𝑥) + (
𝜓02

− 𝜓01
cosh(2𝜅𝐷)

sinh(2𝜅𝐷)
) sinh (𝜅𝑥) 

(3.6) 

where 𝜓01
is the surface potential of the first surface, 𝜓02

is the surface potential of the 

apposing surface, κ is the inverse Debye length, D is the separation distance of the two 

surfaces, and x is the position between the surfaces.36  
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Figure 3.5 Electrostatic potential profiles calculated for an electrochemically asymmetric 

solid-liquid-solid interface separated by 4 nm in a 0.1 mM NaOH (pH 10) solution. The 

electrostatic profile is shown for an alumina, silica, or mica surface, with surface potentials of 

-20, -90, and -110 mV respectively, in close proximity to a second mica surface. The Ψ(x) 

curves were plotted using the Hogg-Healy-Fuerstenau asymmetric double layer equation (Eq. 

3.6). The inset shows an enlarged view of the electrostatic potential profile between the two 

identical mica surfaces. 

The electrostatic potential profile changes significantly as a function of separation distance, 

D, as shown in the Figure 3.6. At large separations, when D >> κ-1, the potential gradient 

appears similar to a symmetric system such as two mica surfaces, where a maximum occurs 

between the two surfaces as seen in the inset of Figure 3.5, providing no driving force for 

ions to be released from the surface as the direction of the electric field at the surface remains 

unchanged. 
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Figure 3.6 Electrostatic potential profiles for an asymmetric solid-liquid-solid interface of 

alumina (-20 mV) and mica (-110 mV) in a pH = 10 solution calculated using the Hogg-

Healy-Fuerstenau equation for a range of separation distances, D, from 8κ-1 to κ-1/8. At large 

separations, the electrostatic potential exhibits a maximum potential ‘hill’ which acts as an 

energy barrier to ion transport between the surfaces. As the separation distance decreases, 

the potential profile collapses to an almost linear potential gradient between the alumina and 

mica surfaces. 

For surfaces with different negative potentials, the electric field at the less negatively 

charged surface can reverse direction. While the silica and alumina dissolution processes are 

not fully understood, the reactants, intermediate products, and products involve charged 

species.15,18 We propose that the reversed electric field at the alumina or silica surface in close 

proximity to mica drives ion release at one or more steps in the dissolution reaction, increasing 

the dissolution rate. An analogous situation is the application of tensile force to a bond that 

lowers the bond lifetime, a phenomenon described by the Bell theory.37  

Our proposed dissolution enhancement process is depicted schematically in Figure 3.7 

for silica and mica surfaces. When the mica and silica surfaces are separated by a large 

distance D >> κ-1 (t < 0, Fig. 3.7a), the electrostatic double layers of each surface do not 

overlap. At t = 0, the surfaces are brought into nanoscale proximity of each other (D < κ-1), 

their electrochemically asymmetric diffuse layers overlap, and the reversal of electric field at 

the less negatively charged surface results in enhanced dissolution (Fig. 3.7b). 
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Figure 3.7 Schematic representation of the proposed model of electrochemically enhanced 

dissolution. (a) When surfaces are separated by relatively large distances, D >> κ-1, each 

surface can develop a complete electrostatic double layer (EDL) structure largely screens the 

surface potential, Ψ, of each surface over a characteristic length known as a Debye length, κ-

1. (b) Immediately (at t = 0) when the surfaces are brought close together, D < κ-1, the diffuse 

electrostatic double layers of each surface overlap across the asymmetric solid-liquid-solid 

interface resulting in a steep potential gradient between the surfaces which reverses the electric 

field at the lower negative potential surface. (c) For t > 0, the potential gradient enhances the 

dissolution of the surface with a lower electrostatic potential. In this case, silica dissolves by 

successive hydrolysis reactions as shown schematically in the inset, while the mica surface 

shows no signs of dissolution/etching. (d) As time progress, t >> 0, the surface with the lower 
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electrostatic potential will undergo enhanced dissolution until the complete EDL structure is 

re-established as shown in Figure 3.6. 

The reaction inset in Figure 3.7 shows dissolution of silica in an alkaline environment 

following a mechanism proposed by Iler.13 For t > 0, dissolution leads to material removal 

and surface roughening (Fig. 3.7c). As the surfaces dissolve, the distance between them 

increases and the double layers overlap less, reducing the enhancement of dissolution. After 

very long times, t >> 0, the separation distance increases to the extent that each surface has a 

complete, uninhibited electrostatic double layer (D >> κ-1, Fig. 3.7d). At this point, the 

dissolution rate is no longer enhanced and returns to the dissolution rate of a single-surface in 

bulk solution. From our results, it is apparent that the overlapping electrostatic double layers 

and the corresponding reverse in the electric field at the surface plays an important role in the 

enhanced dissolution of alumina and silica.  

3.1.5 Discussion and Conclusions 

The enhanced dissolution of silica and alumina in weakly alkaline environments that we 

report is in consistent with previous studies on pressure solution under acidic, geologic 

conditions. Our work clearly demonstrates the influence of the difference in surface potential 

between two surfaces on the extent of dissolution enhancement observed. By manipulating 

the applied electrostatic surface potential of a gold electrode, we increased the dissolution rate 

of silica by an order of magnitude. Furthermore, higher ionic strength (i.e., shorter Debye 

length) leads to a reduced degree of overlap of the electrostatic double layer, and results in 

lower enhancement of dissolution rates. Shorter Debye lengths resulted in a lower degree of 

enhancement due to less overlap of the diffuse layer regime, however further experiments are 

required to fully characterize the influence of the Debye length. These two examples 
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exemplify the dependence of enhanced dissolution on the electrochemical nature of surfaces 

in asymmetric solid-liquid-solid environments. 

In our measurements of the dissolution of confined alumina and silica systems, 

electrochemical dissolution enhancement was observed in the initial time periods of each 

experiment, with slower dissolution at longer times. Each experiment was performed in a 

confined system without active transport, leading to local ion saturation due to the limited 

diffusion-only transport which reduced the dissolution rates. A similar saturation in 

dissolution rate enhancement was observed when using an electrochemically applied potential 

to manipulate dissolution in the silica-gold confined system. These results indicate that while 

electrochemically enhanced dissolution is important to increasing dissolution rates, the 

subsequent transport of ions away from the surface is equally important to avoid local 

saturation and thus limiting the observed dissolution rates.  Future work will study the impact 

of active (i.e., convective) transport on dissolution rates, toward a model for dissolution which 

encompasses reaction kinetics, transport mechanics, and electrostatic theory. 

We propose that our model for electrochemically enhanced dissolution at confined, 

asymmetric solid-liquid-solid interfaces explains the enhanced dissolution seen in CMP and 

geologic pressure solution. More broadly, our model seeks to explain the driving force behind 

the restructuring/degradation observed in confined, aqueous environments that are relevant to 

crevice corrosion (ref Ni crevice corrosion with Markus), crystallization of catalysts, 

bioadhesives, and structural materials. The insights provided here on the relationship between 

surface electrochemical properties and dissolution processes are expected to inform new 

methods for improved control of dissolution and restructuring processes.   
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3.2 Electrochemically controlled dissolution of inorganic materials 

Reactivity in confinement is central to a wide range of applications and systems, such as 

geological and technological processes, for example, pressure solution,41,42 chemical 

mechanical polishing (CMP),43 electropolishing,44 and corrosion,45,46 including biocorrosion, 

for example, implants and dental fillings.47,48 In some cases, increased dissolution rates are 

desired, such as CMP; however, in other systems, particularly involving pitting and crevice 

corrosion, increased reactivity leads to material degradation and damage. In each of these 

systems, the confinement (close apposition) of two asymmetric surfaces in an aqueous 

environment is a common factor where increased reactivity is observed. However, unlike 

systems exposed to bulk solutions, the difficulties introduced by reactivity and transport (e.g., 

diffusion) in confinement lead to complications in developing an understanding of reaction 

processes under these conditions. Further application of the reported electrochemically 

enhanced dissolution model for confined, asymmetric solid-liquid-solid interfaces provides 

an opportunity to better understand and control technologically important dissolution 

processes.  

3.2.1 Electrochemically enhanced dissolution of diamond 

CMP-related processes have been primarily founded on empirical testing and 

characterization of different slurry and substrate combinations to achieve different dissolution 

rates and surface roughness.49-51 Understanding of fundamental processes which are involved 

in CMP have been thoroughly investigated, however the fundamental questions regarding the 

driving forces behind the change in dissolution rates with solution and slurry composition 

remain.3,52,53 Due to the diverse range of materials relevant to important technological 

processes, there is no shortage of experiments to empirically characterize the necessary CMP 
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processes. Determining a widely applicable method to influence enhanced dissolution 

regardless of the materials involved is key to further developing CMP technologies. 

The influence of electrostatic forces on the dissolution rate of alumina and silica was 

previously demonstrated, however the proposed electrochemically enhanced dissolution 

model is a general model that only requires two asymmetric surfaces which develop distinct 

surface potentials in the solid-liquid-solid interface. In this case, if we can satisfy the confined, 

asymmetric solid-liquid-solid interface such that overlap of the electrostatic double layers is 

achieved, enhanced dissolution of other materials should be observed. The electrochemical 

pressure cell (see Figure 3.2) was used with ellipsometry to study the enhance dissolution of 

single crystal diamond surfaces as shown in Figure 3.8. 

 

Figure 3.8 Electrochemically enhanced dissolution of polished, single crystal diamond 

surfaces using the electrochemical pressure cell setup. The diamond was placed in contact 

with a gold electrode at -210 mV in 5 mM KCl at pH 7, 295 K, and under 1 atm of pressure 

for 24 hours. The surface potential of diamond in a 5 mM KCl, pH 7 solution is around -50 

mV.54 The surface roughness before and after dissolution was verified using atomic force 

microscopy (AFM). 
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Within the contact area of the gold electrode, the diamond surface roughness increased by a 

factor of 5, from 0.3 nm RMS to 1.6 nm RMS. Similarly, the increase in the maximum peak-

to-peak distance also increased by a factor of 5. Outside of the contact area of the gold 

electrode, the surface roughness and peak-to-peak distance remain the exact same as the 

original diamond surface. When the asymmetric, confined solid-liquid-solid interface 

condition is achieved, enhanced dissolution of diamond is achieved even though there is no 

known dissolution pathway for diamond at room temperature in aqueous environments. 

Previously, diamond surfaces were reported to dissolve in high pressure and high temperature 

melts, greater than 3 GPa and 1400°C.55 

The observed dissolution of diamond through application of electrostatic force further 

reinforces our electrochemically enhanced dissolution model for confined, asymmetric solid-

liquid-solid interfaces as a general model to understand enhanced dissolution processes in 

naturally occurring and technologically important processes. Development of the 

electrochemically enhanced dissolution model may inform new methods for improved control 

and manipulation of dissolution phenomena at confined interfaces. 
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Chapter 4: In Situ nano-to-microscopic imaging and growth 

mechanism of electrochemical dissolution (eg, corrosion) of a 

confined metal surface 

Reproduced with permission from C. Merola, K. Schwenzfeier, K. Kristiansen, Y.-J. Chen, 

H. Dobbs, J.N. Israelachvili, M. Valtiner. Proc. Nat. Acad. Sci. 2017, 114(36), 9541-9546 

4.1 Abstract 

Reactivity in confinement is central to a wide range of applications and systems, yet it is 

notoriously difficult to probe reactions in confined spaces in real time. Using a modified 

electrochemical surface forces apparatus (EC-SFA) on confined metallic surfaces we observe 

in-situ nano-to-micro-scale dissolution and pit formation (qualitatively similar to previous 

observation on non-metallic surfaces; e.g., silica) in well-defined geometries in environments 

relevant to corrosion processes. We follow ‘crevice corrosion’ processes in real time in 

different pH-neutral NaCl solutions and applied surface potentials of nickel (vs Ag|AgCl 

electrode in solution) for the mica-nickel confined interface of total area ~0.03 mm2. The 

initial corrosion proceeds as self-catalyzed pitting, visualized by the sudden appearance of 

circular pits with uniform diameters of 6-7 μm and depth ~2-3 nm. At concentrations above 

10 mM NaCl, pitting is initiated at the outer rim of the confined zone, while below 10 mM 

NaCl, pitting is initiated inside the confined zone. We compare statistical analysis of growth 

kinetics and shape evolution of individual nanoscale deep pits with estimates from 

macroscopic experiments to study initial pit growth and propagation. Our data and 

experimental techniques reveal a mechanism that suggests initial corrosion results in 

formation of an aggressive interfacial electrolyte that rapidly accelerates pitting, similar to 
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crack initiation and propagation within the confined area. These results support a general 

mechanism for nanoscale material degradation and dissolution (e.g., crevice corrosion) of 

poly-crystalline non-noble metals, alloys, and inorganic materials within confined interfaces. 

4.2 Introduction  

Reactivity in confinement is central to a wide range of applications and systems, such as 

geological and technological processes, for example, pressure solution,1,2 chemical 

mechanical polishing (CMP),3 electropolishing,4 and corrosion,5,6 including biocorrosion, for 

example, implants and dental fillings.7,8 In some cases, increased dissolution rates are desired, 

such as CMP; however, in other systems, particularly involving pitting and crevice corrosion, 

increased reactivity leads to material degradation and damage. In each of these systems, the 

confinement (close apposition) of two asymmetric surfaces in an aqueous environment is a 

common factor where increased reactivity is observed. However, unlike systems exposed to 

bulk solutions, the difficulties introduced by reactivity and transport (e.g., diffusion) in 

confinement lead to complications in developing an understanding of reaction processes under 

these conditions. Furthermore, few techniques are able to directly measure and study reactivity 

in confinement in-situ at relevant length scales, leaving even more uncertainty surrounding 

the initiation and early growth of dissolution or corrosion processes in confinement. As a 

result, the understanding of early stage reactivity in confinement remains challenging and 

more detailed nanoscale characterization methods are required to develop a deeper 

understanding. 

From an electrochemical viewpoint, crevice corrosion – the focus of this manuscript – and 

pitting corrosion are related phenomena,9-11 although there are significant geometrical 

differences between them. Pitting corrosion is driven by an aggressive ionic environment and 
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oxygen depletion in the stagnant electrolyte of growing pits on a surface exposed to bulk 

solution.12-14 Crevice corrosion is a related form of localized/confined corrosion that may 

occur within cracks and crevices where depletion and reduced transport of species such as 

oxygen may lead to the development of aggressive media and local corrosion potentials.15 

Within crevice corrosion, the initiation and growth of pits are observed and, throughout this 

paper, we will commonly refer to pits within the crevice (which is a separate phenomenon 

from pitting corrosion). 

Crevice corrosion is of particular concern for stainless steels and nickel alloys in contact 

with chloride containing solutions, commonly found in marine environments.5,6 Chloride 

anions can be found in a wide range of environments such as seawater, industrial raw water 

and sludge. In particular, the potential gradient that develops in crevice corrosion drives 

cations out of the crevices and anions, such as chloride, into the crevices.14 The diffusion of 

ions into or out of crevices depends on their mobility. Chloride has a very high mobility and 

it is often present in high concentration in crevices. As such, chloride anions tend to 

accumulate inside the crevice while the more hydrated and larger cations (e.g, sodium), which 

typically are less mobile, remain mainly outside the crevice. In addition, the hydrolysis of the 

dissolving metal ions leads to a stark local variation of the pH.11,12,16 The dissolution products 

of the material (metallic cations) are also driven out of the crevice, which leads to a local 

change of the pH. 

Ex-situ macroscopic studies of pitting corrosion, crevice corrosion and uniform corrosion 

of nickel alloys in different aqueous media and conditions were reported by various authors.17-

19 However, real time and in-situ nanoscale investigations of localized corrosion (both pitting 

and crevice corrosion) remain a challenge. In particular, localized corrosion processes take 
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place at very small length scales and highly localized initiation sites that may be buried or 

hidden within the confined geometry of two closely apposed surfaces. A direct, in-situ view 

into the various crevice corrosion processes at progressing cracks is experimentally difficult. 

Recently, significant advances have been made using x-ray tomography;20 however, 

resolution limits still inhibit characterization of the onset of corrosion. Typically, 

electrochemical pitting corrosion and crevice corrosion tests are carried out in a system-

relevant environment and conditions, and the sample surfaces are examined ex-situ using a 

variety of different materials characterization and imaging techniques. Initial pit formation on 

an extended surface can also be studied in-situ by locally resolved probe techniques, such as 

spectroscopy or x-ray tomography, but, it is not straightforward to detect pitting corrosion 

since the initiation sites are sparsely distributed and typically hidden inside a confined area 

where two surfaces are separated by difficult to resolve (temporally and spatially) nanometer-

sized gaps or crevices. 

 Previous observation using a modified electrochemical Surface Forces Apparatus (EC-

SFA) on non-metallic surfaces (e.g., silica) of electrochemical reactions, dissolution, and in-

situ observation of, for example, pit formation has been demonstrated as a valid method to 

study reactivity in confinement using Multiple Beam Interferometry (MBI).21,22 We further 

demonstrated Ångstrom-resolved real-time visualization of the initial corrosion behavior in a 

confined environment using white light interferometry to study corrosion of confined 

aluminum surfaces.24 Here, we extend our studies to crevice corrosion of nickel. In addition 

to our previous method, a camera was added to visualize and quantify the crevice corrosion 

process with simultaneous optical microscopy and interferometry (MBI) in real time. We 

studied the effects of concentration and charging dynamics on the corrosion initiation by 
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changing the surface potential/charge ramping rate and following the initial dissolution and 

pit formation of confined nickel surfaces in chloride solutions. Based on our experimental 

results and methodology, we present a detailed mechanism for the initiation and initial growth 

of pits during nickel crevice corrosion, which may provide general insights into nanoscale pit 

formation and growth in other systems.  

4.3 Experimental methods 

4.3.1 Chemicals  

All chemicals were purchased from Sigma-Aldrich at the highest purity available (sodium 

chloride, 99.9% pure). Sodium chloride (NaCl) solutions (1 mM; 10 mM; 100 mM) were 

prepared with Milli-Q (Millipore) water with a resistivity ≥18 MΩ·cm and a TOC ≤ 2 ppb. 

Optical grade 1 ruby-mica was obtained from S&J Trading Company (NJ, U. S. A.) as sheets 

of about 20 cm × 20 cm and 2 mm thickness. 5–10 cm2 mica sheets with thicknesses ranging 

from 2–5 μm were hand-cleaved from raw sheets and used for the experiments (23). Physical 

vapor deposition (PVD) back-silvered highly flexible mica sheets of 2-6 μm thickness were 

then glued to cylindrical silica disks of nominal radius of curvature R = 7 – 15 mm. 

Semitransparent Ni thin films with a thickness, TNi = 30 nm, were prepared by PVD at 

deposition rates of ≤ 0.5 Å/s. The microstructure of these films is dominated by grains that are 

below 20 nm, as estimated by electron microscopy imaging. 

4.3.2 Surface Forces Apparatus (SFA) 

SFA measurements were performed at 21˚C in a cleanroom using the SFA 2000 (SurForce 

LLC, Santa Barbara, CA, USA). One cylindrical glass disk with an atomically smooth, back-

silvered muscovite mica surface and an apposing glass disk with a 30 nm Ni layer were 
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mounted in the SFA in cross-cylinder geometry. This geometry creates a 2-layer 

interferometer with the Ni surface facing the solution side, while the back-silvered mica 

surface acts as the crevice former. Zero distance (D = 0) is defined as contact between mica 

and nickel in dry air (see schematic in Figure 4.1b where ΔtE = 0). Any changes of the 

separation distance between the Ag and the Ni “mirror” surfaces due to, e.g., ingress of water, 

or shift of the Ni-mirror surface due to corrosion (conversion into oxide or dissolution), can 

be tracked in situ by following both the distance shift of the mirror and the change of the light 

intensity (due to the thinning of the reflecting nickel layer). The setup is sensitive to 

approximately 25–50 picometer absolute shifts of mirror distances, relative to the zero 

distance, D = 0, defined under dry conditions. The electrochemical three-electrode attachment 

consists of a Ni working electrode and Pt counter and reference electrodes. All measurements 

were performed in NaCl solutions of different concentrations with a pH of 7-7.5. Every Pt 

pseudo reference was referenced against a standard 3N Ag|AgCl electrode,24 showing a 

difference of about +400 mV with typical variations of 50-80 mV depending on the Pt wire 

used. All data is referenced to the open circuit potential, which is set to zero at -450 mV vs 

Ag|AgCl. Here, Pt pseudo references are used to limit concentration changes within the small 

volumes of NaCl electrolytes between the surfaces (e.g., in the crevice). Chloride based 

reference electrodes potentially leak chlorides and may substantially change the concentration 

in small volumes (as in our cell) and, in particular, in small concentrations (here e.g. 0.5 mM). 

As such, Pt wires are a balance between accuracy and chloride concentration stability. 

4.3.3 Apparatus modifications 

The electrochemical Surface Forces Apparatus (EC-SFA) has been adapted for 

characterization of corrosion processes in confinement as shown in Figure 4.1. In addition to 
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a standard EC-SFA setup,22,24 an optical camera connected to a 10x microscope was added to 

simultaneously record both (1) optical images of the corroding confined areas and (2) shifts 

of the corroding metal mirrors via wavelength shifts in the Fringes of Equal Chromatic Order 

(FECO).25 A typical FECO image showing a flattened contact is depicted in Figure 4.1(b). 

The two-dimensional FECO pattern or spectrum measured in the spectrometer simultaneously 

provides a spectroscopic axis to directly measure the distance between the two apposing 

mirrors with a resolution of 0.1 nm and a lateral axis for an optical image of a section through 

the contact region with a resolution of about 0.7 μm. For more details on the use of FECO, we 

refer the reader to a review article by Israelachvili et al.25 A 50/50 beam splitter equally divides 

the light between the camera (a) and the spectrometer (b). A round shaped confined area was 

established by pressing a back-silvered mica surface, as a crevice former, onto a nickel coated 

glass disk (30 nm Ni film, PVD deposited) as previously described.26 In addition, (c) a 3-

electrode setup with nickel as the working electrode (WE) and two Pt wires as the reference 

(RE) and counter electrodes (CE) are built into this setup. 

 

Figure 4.1 Crevice corrosion setup using the Surface Forces Apparatus. Simultaneous (a) 

optical video microscopy and (b) white light interferometry allow tracking of both optical 

images of corroding confined areas and depths hp of corroding areas via shifts of the corroding 

metal mirrors via wavelength shifts (∆𝜆 = ∆𝜆𝐷 − 𝜆0) of Fringes of Equal Chromatic Order 
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(FECO), and via intensity changes due to metal mirror thinning. For establishing a confined 

round shaped area A back-silvered mica surfaces are used as compliant crevice formers. 

Typical contact areas have a diameter dC ~ 100-300 µm. Depending on the contact force F and 

the resulting flattening of the compliant mica surface, a controlled pressure can be applied, 

resulting in a uniform equilibrium electrolyte film thickness ∆tE in the confined zone. In 

addition, (c) a potentiostat with a 3-electrode setup is used to apply external potential ramps 

to the nickel surface. Here, nickel was used as the working electrode (WE), and Pt-wires were 

used as the reference (RE) and counter electrodes (CE). All data is referenced to OCP, which 

is -450 mV vs Ag|AgCl. 

4.3.3 Experimental procedure.  

First, a dry contact (defined as D = 0) was established between the mica and the nickel 

surface (direct contact). Afterwards, aqueous NaCl solution was injected between the two 

surfaces at concentrations ranging from 1 mM to 100 mM. Fringes of Equal Chromatic Order 

(FECO) and real-time video were recorded simultaneously as the electrochemical potential 

was ramped up from OCP = 0 mV (i.e., -450 mV vs. Ag|AgCl) at varying rates (Figure 4.1(c)). 

During a pre-ramp period of 120 seconds after the electrolyte was injected, the ingress of 

electrolyte was traced and the open circuit potential (OCP) was recorded to confirm a proper 

working electrochemical cell. Any changes of the separation distance between the Ag and the 

Ni ‘mirror’ surfaces due to, e.g., ingress of water, or a shift of the Ni-mirror surface due to 

corrosion (conversion into oxide or dissolution), can be tracked in situ by monitoring three 

signals: (i) the distance shift of the mirror (wavelength shift of a standing wave), (ii) the 

change of the light intensity (i.e., more light passing through the nickel mirror due to the 

thinning of the reflecting nickel layer), and (iii) the width of the FECO fringes, which provides 

information about the roughness of the reflecting Ni surfaces. As such, all signals and 

parameters together allow us to distinguish clearly the difference between roughening from 

oxidation or water ingress. Water ingress will shift the FECO fringes to longer wavelengths, 

while an oxidation shifts the FECO fringe wavelength and increases the intensity of the light 
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going through the nickel mirror. Moreover, pure roughening leaves the FECO fringe 

wavelength position unchanged (because the average surface height does not change), yet the 

width of a FECO fringe increases proportionally with the RMS roughness. As of now, the 

setup is restricted to corroding thin films studied in transmission mode, extensions to bulk 

samples are easily possible utilizing reflection mode interferometry.27  

4.3.4 Nickel thickness determination.  

For analyzing and determining Ni thicknesses, we can use both white light interferometry 

and intensity analysis of the light passing through the interferometer. First, to translate FECO 

wavelength shifts recorded with the imaging spectrometer using white light interferometry 

into distance changes, we use an in-house developed software (SFA Explorer from Max-

Planck-Innovation). The SFA Explorer uses the multiple matrix method, as proposed by 

Schubert,28 to simulate and fit interferometric spectra against measured spectra. To fully 

visualize evolving crevice corrosion in 3D, the part of the surface that is projected into the 

spectrometer slit can be rastered back-and-forth to obtain FECO for the entire crevice area. 

Lateral scans of the crevices can be performed with a linear motor, moving at a given speed 

(here 4.8 µm/s), while the frame rate was kept at 10 frames per second (fps) providing a 

nominal 500 nm resolution with 1 fps time resolution. With this setting, the spectroscopic 

dimension (wavelength and light intensity changes of 2D slices) can be scanned with frame 

rates up to 30 Hz. However, the third lateral microscopic dimension can only be scanned at a 

considerably slower rate (~1 Hz) – taking about 100 seconds for the entire crevice scan. As 

such, the FECO can only be recorded fast enough to visualize initial corrosion at a static 

position. Hence, we also implemented a faster Ni-thickness determination method based on 

utilizing the intensity changes in the optical image (top view camera) taken at a given 
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wavelength. For this, we calculated the intensity of typical standing waves as a function of the 

Ni thickness using the multiple matrix method for the given interferometer setup. This reveals 

a linear relation of intensity and Ni thickness (see Figure 4.2). Based on this result, a 

linearized attenuation model with an effective extinction coefficient can be used to directly 

extract the Ni thickness from optical images with ~0.5 nm depth and ~500 nm lateral 

resolution. Over the entire crevice area this analysis can be performed in real-time with frame 

rates up to 0.1 kHz (depending on the top view camera). 

 

Figure 4.2 Calculated light transmission through interferometer for wavelength of ∼575 nm 

using the multiple-matrix method as implemented in the SFA Explorer, indicating a linear 

relationship with R2 ∼ 0.99 for light intensity versus Ni thickness in the range relevant to the 

experiments discussed in the main text. 

4.4 Results and Discussion  

A typical corrosion experiment starts with the mica and nickel surfaces pressed together 

under dry condition to form a circular-shaped crevice with about 300 µm diameter. The 

electrolyte solution is added while the nickel electrode remains at open circuit potential 

(OCP). Figure 4.3 shows how ~2-3 nm electrolyte ingresses into the confined area (i.e., where 

the surfaces are in close contact). This can be directly inferred from a positive mirror shift, 
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detected by a red shift of the FECO fringes, and was routinely recorded during the wetting of 

the crevice. 120 seconds after wetting the crevice and establishing a stable OCP, a potential 

ramp with + 1mV/s was started from the OCP towards anodic potentials. There are a number 

of interesting details that we observe during the corrosion of the 30 nm thick nickel surface in 

this configuration, which we show and discuss below. 

 

Figure 4.3 Recorded mirror shift measured by FECO during injection of electrolyte. One can 

clearly see that an electrolyte layer of about 2.5-nm thickness penetrates into the gap. The 

different colors indicate different locations inside the gap. Green is in the center, red and blue 

at the crevice mouth. 

With the EC-SFA, one can track and quantify in real time the crevice corrosion mechanism 

upon application of any (here anodic) ramp. The real time imaging (recorded with the top 

view camera, see again Figure 4.1(a) of crevice corrosion initiation shown in Figure 4.4) 

indicates significant qualitative differences in the corrosion mechanism depending on the 

chloride concentration and the applied ramp rate. At high chloride concentration (> 10 mM), 

shown in Figure 4.4(a, b), corrosion initiates at the crevice mouth while the inner part of the 

confined zone remains intact at 1 mV/s ramp rate, while this qualitative effect reverses, with 
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corrosion initiating inside the confined zone, at slower ramp rates of 0.5 mV/s shown in 

Figure 4.4(c, d). Furthermore, at low chloride concentrations (<10 mM), shown in Figure 

4.4(e-f), corrosion initiates inside the confined zone where the surfaces are separated by only 

a few molecular layers of solvent (~2.5 nm liquid film, see again Figure 4.3), irrespective of 

the ramp rate (from 0.5-10 mV/s). 

 

Figure 4.4 Optical microscopy of confined nickel areas while applying a linear potential ramp 

with ∆U = 1 mV/s (see again Figure 4.1). Crevice corrosion (CC) of nickel in NaCl just after 

injection (top row) and after severe corrosion occurred (bottom row): (a, b) At c > 10 mM 

with a ramp rate of 1 mV/s indicating corrosion along the crevice rim, (c, d) at c > 10 mM 

with a ramp rate of 0.5 mV/s, indicating corrosion inside the crevice, and (e, f) at c <10 mM 

indicating crevice corrosion again inside the confined zone. The contact (e.g., Newton rings) 

for each experiment appears visually different due to the different angles arising from different 

radii/curvatures of the metal surfaces. Interestingly, we do not observe any notable changes 

in the morphologies and rates of crevice corrosion due to curvature effects, contact area and 

aqueous separation distances (in the range 1 - 3 nm). 

The rate-dependent behavior of the crevice corrosion, as seen in Figure 4.4(b, d), shows 

the connection between active ion mobility due to the applied potential rate. At high potential 

rates (>1 mV/s), the chloride ions accumulate at the rim (contact boundary) enhancing the 

crevice corrosion rate while lower potentials (<0.5 mV/s) allow ions to diffuse into the crevice 

before crevice corrosion is initiated.  
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As expected, this behavior supports a simultaneous potential gradient and ion migration 

kinetic driven mechanism of crevice corrosion. In particular, crevice corrosion, has been 

explained previously based on a combination of the Ohmic drop (iR drop) into the crevice29 

and the location where an aggressive so-called critical crevice solution (CCS) with low pH 

(formed from the hydrolysis of Ni due to corrosion)30 and high chloride concentration (ion 

migration to maintain charge neutrality in the crevice) is created and maintained in relation to 

diffusion and migration of solution species.31 We find that the location of crevice corrosion 

initiation moves towards the center of the crevice with an increasing iR drop at lower chloride 

concentrations. The observed crevice corrosion behavior in the experiments fits the 

framework of the iR drop theory because the potential inside the crevice will be lower than 

outside. This explains why crevice corrosion initiates and also maintains higher rates deeper 

into the crevice at lower solution concentrations. Conversely, at lower iR drops – i.e., at higher 

concentrations – crevice corrosion is initiated closer to the crevice mouth. With the lower iR 

drop, faster ion migration into the rim-region (compared to migration into the center region) 

triggers the formation of a CCS at a region closer to the crevice mouth (31). As anticipated 

from macroscopic observations, crevice corrosion depends on a delicate interplay of both the 

transport and depletion kinetics of active species which profoundly change the qualitative 

corrosion mechanism. 

There are two electrochemical processes going on simultaneously here that need to be 

distinguished, which we now refer to as the ‘active’ and ‘passive’ processes. The active 

process involves the applied potential, U, that generated the current flow and is quantified by 

the iR values and changes as corrosion progresses. However, at zero applied potential there 

also exists a ‘passive’ or ‘resting’ potential, U0, as in a capacitor or battery, even in the absent 
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of any current flow or electrochemical reactions. The value of U0 is determined by the 

difference in the ‘double layer’ surface potentials of the two (dissimilar) surfaces – nickel and 

non-conducting mica in this case – as well as the aqueous distance between them and the 

Debye length. This potential, too, will change as corrosion progresses and presumably also 

contribute to the rate of pit growth. A simple calculation based on electric double-layer 

theory36 shows that a 3 nm deep pit will cause a change in U0 of 30-60 mV. We are not able 

to quantitatively establish which of these processes dominate the iR drop or the change in the 

different potentials associated with this corrosion process. 

Our data not only provides a unique real-time view of this expected behavior during 

crevice corrosion initiation, but an in-situ EC-SFA experiment enables the ability to track and 

quantify nanoscopic details of the initial growth mechanism. This includes qualitative and 

quantitative changes of corrosion dynamics into local currents with nano-scale depth (single 

active site) accuracy and microscale lateral resolution.  

Figure 4.5 shows two snapshots of a (left) microscopic image, and (right) a 3D analysis 

of the Ni thickness at progressing time and increasing potential (+1 mV/s). The displayed 

experiment was recorded at 1 mM solution concentration of NaCl. 
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Figure 4.5 Reactivation of initially passivated pits above the critical corrosion potential. (a) 

Optical image (left) and corresponding Ni thickness contour plot (right) showing initial re-

passivating pits inside and outside the confined zone (region marked) after 600 seconds linear 

anodic polarization with 1 mV/s starting from OCP (-450 mV vs Ag|AgCl). (b) Same confined 

zone after 820 seconds polarization (i.e., 820 mV vs OCP) showing fast active pitting inside 

the confined area. (c) Enlarged Ni-thickness contour plot of pit that reactivates (see also a): 

region marked by square), and (d) depth profile as function of time recorded at line indicated 

in (c). Pit diameter dp(t) and pit depth hp(t) are indicated for the repassivated state. Corrosion 

will continue until consumption or repassivation of the nickel surface. (e) Pitting density of 

repassivating pits referenced to the initiation potential Uinit ~ 300 mV (vs. OCP) where the 

first pit was detected in the field of view. Individual pit counting was terminated once a critical 

pit started fast corrosion. 

First, we observe that crevice corrosion of mica-confined nickel surfaces does not initiate 

as homogenous, locally uniform corrosion. One can observe the formation of nanoscale-to-

microscale pits that evolve with exceptionally rapid kinetics (in the μs-range) before they 

become metastable, both inside and outside the crevice before the initiation of nickel crevice 

corrosion in confinement.  

In particular, Figure 4.5(a) shows an optical image indicating pits with very similar 

diameters of dp(t) ~6-7 µm. The first pit was detected about 300 second after anodic 

polarization was started (i.e., at 300 mV vs OCP). The average pit depth of these initial pits is 
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about hp = 2-4 nm and the bottom is flat, as can also be seen in the depth profile shown in 

Figure 4.5(c, d). These pits appear inside and outside the confined zone within less than 500 

µs (one recorded frame), indicating a localized and extremely rapid, yet self-inhibiting, 

corrosion process. These initial pits do not immediately penetrate the entire Ni layer as 

expected by typically estimated anodic pit current densities.10 These pits form within less than 

500 µs (i.e., within one recorded frame), however, once a typical critical diameter dp(t) ~ 6-7 

µm is reached, the formed pits become inactive and the localized corrosion stops (i.e., arrests). 

We can directly calculate the local charge that transfers in a single site based on a volumetric 

analysis of nickel loss. From the estimated local Ni-thickness loss (see Figure 4.5(c, d)), we 

can calculate a charge transfer of 0.97 µC per pit, which estimates a minimum pitting current 

density of >5 A/cm2 for these pits that appear within t < 500 ms. These directly measured 

single pit current densities compare well to estimates from penetration time measurements 

using thin metal films,32 where a range from 1-30 A/cm2 was estimated. These previous 

studies find that the anodic pit current density – derived from the penetration time - depends 

on the thickness of the metal film and the applied potential. Our data extends this view, and 

demonstrates that initial – non-penetrating - pits show rather uniform diameters and depth, 

without any strong correlation with the applied potential. Figure 4.53(e) shows, that these 

initial, often referred to as non-critical, pits pop up with an exponentially increasing 

probability with the increasing potential. We argue that these non-critical pits may be central 

to establishing the local solution conditions that are necessary to catalyze the corrosion rate 

of a critical pit that will penetrate the thin film. Considering the corroded volume of nickel in 

such a pit, we estimate that the solution temporarily reaches very high concentrations.  
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In addition, the low aspect ratio of pit height to diameter (hp(t)/ dp(t) ~ 10-3) of these non-

critical pits suggests that the initial lateral corrosion is at least three orders of magnitude faster 

than the initial vertical corrosion into the material. The lateral resolution (~0.5 μm) constrains 

the direct observation of the nanoscale morphology (e.g., structural or chemical defects) 

preventing an accurate description of the pit initiation; however, other studies have observed 

direct evidence of such defects using in situ near-field microscopy techniques.12,33,34 

Combination of the observed circular shaped pits and the flat bottom (i.e., counter bore shape), 

suggests that a very local oxide breakdown – possibly at defect sites – triggers the initial pit 

formation with epitaxial corrosion dynamics. Corrosion triggering defects may significantly 

lower the activation energy for passive layer dissolution. Once a local defect or impurity in 

the metal or oxide triggers pit initiation, initially sharp and convex edges of an evolving pit 

generate a strong electric field gradient that accelerates lateral corrosion, rapidly increasing 

the lateral diameter of the pit while the depth increases about 3 orders of magnitude more 

slowly.  

Figure 4.6 shows a proposed model of the initial dissolution and early time pit growth 

based on the electrochemically enhanced dissolution model proposed in Chapter 3. The 

potentiodynamic ramp of the potential toward positive voltages increases the local potential 

and surface charging. Initially, the apposing mica and Ni surfaces are negatively charged, 

thereby constraining the diffusion of chloride ions into the cavity. As the potential of the nickel 

surface increases, the charge of the nickel surface increases to positive values; this results in 

the migration of chloride ions into the positively charged cavity to maintain charge neutrality. 

In addition, the closely apposed negatively charged mica surface further enhances the local 

electric field.32 A structural surface defect (e.g., a dislocation, or an inclusion) locally 
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accumulates surface charges and generates a Rayleigh-type instability38 that lowers the 

interfacial tension of the solid–solution interface and favors dissolution. These defects can 

then act as corrosion trigger points, where the activation energy for nickel to escape from the 

surface is lowered as seen in Figure 4.6(a). Once a defect dissolves the top layers of the 

material, very fast lateral growth starts with pits growing to a size of ∼7 µm in diameter and 

a depth of only a few nanometers within less than 500 µs, before corrosion inside these pits 

arrests again. This indicates that the initial lateral corrosion is at least three orders of 

magnitude faster than initial corrosion into the material. These initial “noncritical” pits (i.e., 

pits that stop fast growth) form a very consistent and reproducible “counter-bore” shape with 

a sharp (i.e., highly curved) edge at the rim. The sharp convex edge generates a strong electric-

field gradient that adds another, highly repulsive, electrostatic force between any ions and 

dipoles. This additional force enhances the nickel dissolution/corrosion at the sharp edge––

rapidly increasing the lateral diameter of the pit while the depth increases much more slowly 

(several orders of magnitude slower) as depicted in Figure 4.6(b). Finally, as the pit grows 

the edge becomes less sharply curved, leading to a weaker electric-field gradient. The bottoms 

of the pits were generally not completely flat or smooth, having a gently undulating shape, 

which is in line with the argument that local high curvature is a factor in governing evolution 

of growing pits. In addition, due to confinement of the apposing surface (dotted area), the 

solution within the pit becomes saturated with nickel solutes, which will arrest the corrosion 

reaction as seen in Figure 4(c). 



 

 92 

 

Figure 4.6 Proposed mechanism of nickel/nickel oxide dissolution/corrosion based on the 

electrochemically enhanced dissolution model reported in Chapter 3. 

As shown in Figure 4.5(c), above a critical potential (here at +400 mV vs. OCP), an 

arrested pit within the confined zone (at the rim or the center depending on the chloride 

concentration) breaks the initial pit size of dp(t) ~ 6-7 µm and hp(t) ~ 2-3 nm and rapidly 

evolves into a larger depth. Again, from the estimated local Ni-thicknesses loss we calculate 

a charge transfer of 2.75 µC for this critical pit, which estimates a pit current density of ~25 

A/cm2, which is up to 5 times faster compared to the growth rate of the re-passivating pits. 

From Figure 4.5(d) the initial depth penetration rate of this critical pit can be estimated at 

about 25 nm/s or 90 µm/hour. 

Moreover, see Figure 4.5(b), the critical pit triggers and catalyzes a rapid evolution of 

new pits as well as reactivates other arrested pits in its immediate surroundings. This 
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collaborative pit growth is most likely due to a strong variation of solute concentrations inside 

the confined zone (see supporting information for videos of the rapid evolution of pits) and 

the formation of a critical crevice solution (CCS) with low pH and high chloride concentration. 

The collaborative pit growth behavior supports the hypothesis that crevice corrosion of 

nickel in chloride solutions initiates as self-catalyzed pitting corrosion due to chemical 

changes in the crevice solution within the confined areas. As expected, the ongoing metal 

dissolution inside the confined region leads to an excess of positive charge in the crevice 

solutions, and to a lowering of the pH due to metal ion hydrolysis. This excess of local charge 

is largely compensated by the relatively faster migration of chlorides into the confined zone, 

while metal ion diffusion out of the crevice is relatively slower due to greater ion mobility of 

chlorides.31 Pits that are formed outside the confined crevice area are all swiftly arrested, even 

at higher potentials, which may be due to the lack of build-up of local aggressive electrolyte 

environments.31,35 

Based on the corrosion rates found for single pits (together with their measured 

dimensions and growth kinetics, see above), and for the entire confined zone we can finally 

compare integral currents (inside and outside of confinement) to currents estimated from 

volumetric Ni-thickness loss for localized corrosion sites. Figure 4.7 shows excellent 

agreement indicating that the deviation from the characteristic exponential Tafel slope (with 

i0 ~ 8.10-7 A/cm2) is caused by the additional current density from defect breakdown into the 

observed non-critical pits. Also, the corrosion in confinement is fast and consumes the entire 

confined area within ~100 seconds. Interestingly, the fast corrosion of the confined zone does 

not add significantly to the overall current due to the small area of our confined zone compared 

to the entire sample area. Locally in confinement, however, the crevice corrosion current 
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density ranges up to 300 A/cm2, which is a reasonable number given that about 10-20 critical 

pits with anodic pit current densities of ~25 A/cm2 (see above) progress at the same time. As 

such, the EC-SFA provides a unique measure to in-situ quantify the local current density in 

confinement, which is independent of any competitive reduction reactions such as local 

hydrogen evolution. 

 

Figure 4.7 Electrochemically measured current density for experiment shown in Figure 4.5 

(solid line). The current estimated from the pitting density of non-critical pits (triangles) as 

well as the current density originating from the fast crevice corrosion within the confined zone 

are compared to the integral current (cf. text for details). At higher anodic potential of ~800 

mV (~450 mV vs Ag|AgCl), polarization leads to the expected passivation of the outside 

region. The solid red line is a guide to the eye for the non-critical pitting curve that deviates 

from the Tafel slope, as indicated by the dashed red line. 

4.5 Conclusions  

In summary, the EC-SFA provides a unique setup to directly visualize individual corrosion 

sites (here pits) in confined spaces in real time and to analyze their initial growth kinetics. 

Compared to standard optical microscopy with transparent crevice formers, the depth 

resolution of evolving initial corrosive degradations is superior, allowing measurement of pit 

depths in 3D with sub-nanometer and ms-time resolution. Also, the EC-SFA uniquely enables 
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measurement of single pit current densities and growth shapes in 3D (both laterally and in 

depth), as well as time-evolving pit densities within the confined zone. 

Initial corrosion inside nickel crevices proceeds as preferential and self-catalyzed “pitting 

corrosion” (inhomogeneous localized dissolution with the formation of pits), presumably at 

surface defects within the confined zone. Our data also confirms that there is a strong interplay 

between migration kinetics of chlorides, bulk chloride concentrations, and the related iR drop 

(voltage drop), which leads to pronounced qualitative changes in the location (at the rim or 

center) at which pits form, and their subsequent kinetics. Importantly, local fast corrosion 

seems to play a crucial role in the initial development of a critical crevice solution within the 

crevice that drives the observed pit growth and propagation, suggesting that understanding 

and controlling surface chemistry and morphology are essential to prevent the onset of 

corrosion in the present system. Pit current densities are ≥ 5 A/cm2 for swiftly arresting non-

critical pits, and ~25 A/cm2 for critical pits.  

The above conclusions may be general observations for crevice corrosion systems, 

however further studies with other corroding systems are needed to potentially extract and 

verify general rules and/or models as well as system dependencies of local corrosion rates in 

situ with nano-to-microscale resolution. The observations of pit growth under influence of an 

applied electrostatic force is consistent with the proposed electrochemically enhanced 

dissolution model. A deeper understanding of the changes in the electrochemical environment 

is required to understand the dynamics of ions relevant to transport mechanics, reaction 

kinetics, and electrostatics. 
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Chapter 5:  Molecular network formation in alkali-activated aluminosilica 

cements 

5.1 Abstract 

The initial formation and development of structure, as well as the influences of structure 

on macroscopic physical properties, is largely unknown for many aluminosilica materials, 

especially in the field of inorganic polymer binders (IPBs), which are attractive as low-CO2 

cement materials. Here, we determine the molecular-level structures and compositions during 

early formation of aluminosilica networks under strong alkaline (pH >14) conditions using 

amorphous silica and alumina colloidal microparticle precursors as SiO2 and Al2O3 sources, 

respectively. Specifically, the transient evolution of local 27Al, 29Si, and 1H environments at 

early stages of network formation and condensation is determined using dynamic nuclear 

polarization surface-enhanced solid-state NMR spectroscopy (DNP-SENS) techniques, with 

complementary X-ray diffraction and electron microscopy analyses. One- and two-

dimensional DNP-enhanced 29Si{1H} and 27Al{1H} heteronuclear correlation (HETCOR) and 

29Si{27Al} heteronuclear multiple quantum correlation (HMQC) spectra establish the 

hydration environments and 27Al-O-29Si network connectivities of the aluminosilica network, 

which forms on the surface of the alumina particles. As network formation time increases, the 

27Al species in the aluminosilica network become locally-ordered and more condensed, which 

corresponds with development of macroscopic strength of the aluminosilica material. 

Additionally, the early dissolution behavior of at the silica and alumina interface is 

characterized using the SFA, providing insights into the local ion structure near the surface 

during early network formation steps. The results demonstrate the ability of combining SFA 
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and DNP-enhanced NMR techniques to measure and characterize local transient structures at 

surfaces in aluminosilica networks, which provides important insights into the influences of 

impurities and solution chemistry in developing inorganic networks with desirable 

macroscopic properties, which is crucial for the development of new IPB formulations. 

5.2 Introduction 

Aluminosilica materials are present in a wide variety of natural and technological systems 

with diverse applications in catalysis, structural materials, and separations.1-3 Such materials 

are composed of corner-sharing AlO4
- and SiO4

2- tetrahedra and charge-balancing cationic 

species (e.g., H+, Na+, Ca2+, etc.) that can assemble into diverse structures and morphologies 

with properties that vary drastically, even for materials with similar bulk compositions. For 

example, aluminosilica(te) materials such as zeolites and inorganic polymer binders (IPBs) 

are highly condensed, partially ordered, and exhibit a wide range of properties which enables 

their technological applications ranging from low-CO2 cement materials to heterogeneous 

catalysis. Such highly-condensed aluminosilica networks may be formed from silica and 

alumina sources reacted in an aqueous medium, either as a dense gel or a colloidal suspension, 

often at elevated temperatures and/or pressures. The resulting silica and alumina suspensions 

formed can be completely or partially dissolved, depending on the reaction conditions and 

precursor compositions, which results in the formation of mixtures with different 

morphologies, structures, and properties.10  

Small changes in reaction conditions can lead to significantly different structures with 

unique geometries and properties; however, the characterization and understanding of the 

different networks formed is difficult and not well known.4 For example, in zeolite syntheses, 

slightly different reaction conditions (e.g., pH, temperature, ionic concentration, presence of 
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organic structure directing agents) can significantly alter the pore sizes, shapes, and 

connectivities, resulting in changes to the macroscopic properties of the materials for 

applications in catalysis, as ion-exchange, nanoparticle supports, and molecular sieves.5-7 In 

inorganic polymer binders, the reaction conditions greatly influence the development of 

macroscopic strength. IPBs have the potential to serve as a low-energy, low-CO2 alternative 

to ordinary Portland cement (OPC), however slight variations in precursor composition can 

result in materials that do not set at all, while other starting materials can yield cements with 

compressive strength almost three times greater than that of OPC.8 The difficulty in obtaining 

desirable structural properties from IPBs derived from similar starting materials is indicative 

of our lack of understanding of the formation of the aluminosilica networks and how these 

networks relate to the development of micro- and macroscopic properties such as the 

microstructure, network strength, mechanical properties, stability, and durability.9 

The generally accepted mechanism for aluminosilica material formation includes three 

distinct steps: (1) initial dissolution of the surface alumina and silica species, (2) nucleation 

of discrete particles of the new phase, and (3) growth of the aluminosilica network.11 To 

understand the formation of aluminosilica networks with significantly different properties, 

further understanding of the initial formation and evolution of the network structure and 

properties over time is required. At early reaction times, aluminosilica networks can form 

dense, locally-ordered structures that evolve over time,2 though lack long-range or crystalline 

order. Determining the local structures and interactions of aluminosilica networks that 

correspond to the development of macroscopic strength properties has been exceptionally 

challenging, especially for early times, due in part to the difficulty in characterizing the 

molecular-level changes occurring at the surface and understanding the relationship between 
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these molecular-level changes with macroscopic properties. These challenges have limited 

understanding of the development of specific microstructures and macroscopic mechanical 

properties of the materials.10 To advance the technological applications of aluminosilica 

networks in IPBs, a more detailed understanding of the early stages of network formation is 

required in relation to changes in the micro- and macroscopic strength properties of the 

materials. 

In this work, we study the early network formation of aluminosilica networks formed from 

amorphous silica and alumina sources in strongly alkaline (6 M NaOH) reaction conditions to 

obtain a more detailed understanding of IPB network formation and evolution during the 

initial condensation and growth of the aluminosilica network. Using one- (1D) and two-

dimensional (2D) solid-state dynamic nuclear polarization (DNP) nuclear magnetic resonance 

(NMR) spectroscopy in combination with the surface forces apparatus (SFA), we directly 

characterized the local molecular interactions and environments of 29Si and 27Al species within 

the aluminosilica networks formed after different reaction times. Notably, 2D solid-state DNP 

NMR spectra establish the 29Si-O-27Al connectivities within the aluminosilica networks at 

different stages of the network formation and evolution, providing detailed information on 

local structures that occur and significantly alter the aluminosilica network structure which 

has not been, to our knowledge, previously observed in these highly alkaline environments. 

The early dissolution behavior was characterized using the SFA to observe changes in the 

near-surface regime, providing a better understanding of the initial stages of dissolution and 

subsequent network formation processes. The thorough characterization of the local molecular 

network evolution, from dissolution to early aluminosilica formation, provides a unique 

opportunity to understand the development of micro- and macroscopic properties, bridging 
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the gap between initial molecular-level network formation and the development of desirable 

properties in IPBs and zeolites.  

5.3 Experimental methods 

5.3.1 Synthesis of IPB-like aluminosilica network 

An aluminosilica network analogous to fly ash-based IPB formulations was synthesized 

using a mixture of amorphous, 50 nm alumina (US Research Nanomaterials, Inc.) and silica 

(PPG Hi-Sil) colloidal nanoparticles in an Si/Al atomic ratio of 2. The composition was chosen 

to be similar to many standard fly ash materials. The colloidal particles were suspended in a 

6 M NaOH (Sigma-Aldrich) solution with a water/solids (w/s) ratio of 2 and allowed to react 

for 2 h to X days at 295 K while shaking, after which the mixture was neutralized with 

equimolar, equivolume HCl and freeze-dried to completely halt the network formation 

reaction at each desired timepoint. 

5.3.2 Scanning electron microscopy and X-ray diffraction 

Scanning electron microscopy (SEM) images and energy-dispersive X-ray spectroscopy 

(EDS) spectra were acquired with a FEI XL30 Sirion FEG SEM with EBSD and EDX on the 

unreacted and reacted aluminosilica powder samples. The images were recorded with an 

electron beam voltage of 3 – 5 kV and magnifications ranging from 30× to 10,000×. In some 

instances, the sample was coated with a 70:30 Au to Pd thin film to improve conductivity and 

image resolution, as indicated on the applicable images. 
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5.3.3 Surface forces apparatus (SFA) 

SFA measurements were performed with an SFA 2000 (manufactured by SurForce 

LLC., Goleta, California) to measure the interaction forces between asymmetric SiO2 and a 

10 nm Al2O3 coated SiO2 composite surfaces. The surfaces were fabricated as discussed in 

Chapter 2, on cylindrically curved silica disks (R ≈ 2 cm) and mounted in the SFA in a crossed 

cylinder geometry. Prior to all SFA experiments, the thickness of the deposited SiO2 and 

Al2O3-modified SiO2 surfaces were measured to ensure the correct thickness for the 

interferometry distance calculations. A reservoir of DI water was added to the box to ensure 

that the droplet of 6M NaOH did not evaporate over the course of the experiment. Additional 

details regarding the SFA experimental setup are described in Chapter 2. A detailed 

description of the force and distance measuring methods can be found in Ref. 32. 

5.3.4 1D and 2D solid-state DNP NMR 

All solid-state 1D and 2D DNP-enhanced 29Si{27Al}, 23Na{29Si}, 23Na{1H}, 27Al{1H}, and 

29Si{1H} NMR experiments were carried out on a Bruker ASCEND 400 DNP-NMR 

spectrometer with a 9.4 Tesla superconducting magnet operating at 399.95, 104.28,  105.84, 

and 79.46 MHz for 1H, 27Al, 23Na, and 29Si nuclei, respectively, and equipped with a gyrotron 

and microwave transmission line capable of providing 263 GHz microwave irradiation at the 

sample and a variable-temperature 3.2 mm triple-resonance H-X-Y MAS probe. The 1D and 

2D DNP-enhanced 29Si{1H}, 27Al{1H}, 23Na{29Si}, and 29Si{27Al} spectra were acquired at 

95 K, 8 kHz MAS, under continuous microwave irradiation at 263 GHz, with 100 kHz 

SPINAL-64 proton decoupling,17 and in the presence of 8 mM TEKPol biradical16 in frozen 

1,1,2,2-tetrachloroethane (DNP solvent), which do not influence the structure of the 

material.18 Experimentally-optimized repetition times of 2-10 s were used for best signal 
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sensitivity. The solid-state 2D DNP-enhanced Solid-state 2D DNP-enhanced dipolar-

mediated 29Si{27Al} spectra were acquired using a dipolar-mediated Heteronuclear Multiple 

Quantum Correlation (HMQC) experiment based on SR41
2 recoupling19,20 using 29Si{1H} 

cross-polarization with a contact time of 5 ms to circumvent the effects of the long longitudinal 

29Si spin relaxation times. A 1 ms 27Al double-frequency sweep pulse21 was applied to invert 

the satellite transitions of quadrupolar 27Al nuclei (I = 5/2) and improve sensitivity. 

Experimentally optimized recoupling times of 4.5 ms were used for best overall efficiency. 

 

5.4 Results and discussion 

5.4.1 Long-range order and morphology of aluminosilica materials crosslinked for 

short reaction times 

Aluminosilica networks form between colloidal Al2O3 and SiO2 particles reacted under 

alkaline conditions (6 M NaOH), which are tracked as a function of reaction time using wide-

angle X-ray diffraction (XRD) and scanning electron microscopy (SEM), shown in Figure 1. 

The XRD patterns of a mixture of amorphous Al2O3 and SiO2 particles (atomic Si/Al ratio ~ 

2) after reaction at 295 K in 6 M NaOH solution (water/solids ratio ~ 2) do not change 

significantly after reaction times of 24, 72, or 384 h (Fig. 5.1a,b,c), indicating that there is no 

detectable change in the long-range periodic ordering of the reaction products. The XRD 

patterns exhibit relatively narrow reflections that are indexed to crystalline NaCl species (red 

dots) formed as a result of acid neutralization of the reaction mixture with HCl to arrest the 

reaction progress at the end of each time point. Additional reflections are indexed to an 

aluminum hydroxide phase (blue dots), indicating that a crystalline AlO(OH) impurity is 
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present in the Al2O3 precursor materials. The positions and widths of the XRD reflections 

from the crystalline NaCl and AlO(OH) phases are the same for the materials reacted for 24, 

72, and 384 h, indicating that the AlO(OH) phase does not participate to a detectable extent 

in the development of the aluminosilica network and that the formation of NaCl on quenching 

the reaction occurs for all of the different time points. Each of the XRD patterns also exhibit 

a broad, featureless reflection at 22° 2θ, which arises from regions of the material that lack 

long-range order,22 such as the aluminosilica networks formed by the reaction of SiO2 and 

Al2O3 in highly alkaline aqueous media.23 Due to the similar electron densities of Al and Si 

atoms, as well as the inability of scattering techniques to resolve regions of the material that 

lack long-range order, the XRD patterns are unable to provide further insights into the 

development of aluminosilica network formed under alkaline reaction conditions. 

By comparison, the morphology of the Al2O3 and SiO2 particle mixture changes 

significantly after reaction in 6 M NaOH for 24, 72, or 384 h, as shown by the representative 

SEM images in Fig. 5.1c,d,e. After 24 h reaction time, the mixture is predominately composed 

of a low-density network of aggregated 50 nm particles, indicating that the colloidal Al2O3 

and SiO2 particles (~50 nm mean diameter) do not change significantly in size after 24 h 

reaction. After 72 h reaction, the aggregated particles range in diameter from 100-500 nm, 

indicating that the colloidal Al2O3 and SiO2 particles have partially dissolved and reacted to 

form larger amorphous particles. Additional large (~3 µm), irregular particles are also 

observed in the SEM images, which are morphologically similar to the irregular particles 

observed after 384 h reaction. Large, cubic crystals are also observed in some of the SEM 

images of the reacted Al2O3 and SiO2 particles, which are attributed to crystalline NaCl, 

observed using XRD, particles formed during the neutralization of the reaction mixture, 
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corroborating the macroscopic phase segregation of the NaCl and aluminosilica regions of the 

material. After reaction for 384 h, the material is composed predominately of large, aggregated 

2-10 µm particles, indicating that the small colloidal SiO2 and Al2O3 particles have almost 

completely dissolved, reprecipitated, and crosslinked to form an aluminosilica IPB material 

after the long reaction time. 

   

Figure 5.1 (a,b,c) XRD patterns and (d,e,f) representative SEM images of amorphous Al2O3 

and SiO2 particles reacted at 295 K in 6 M NaOH solution for (a,d) 24 h, (b,e) 72 h, and (c,f) 

384 h. Reflections indexable to crystalline NaCl and AlO(OH) are indicated with red and 

blue dots, respectively. 

5.4.2 Changes in the local 1H, 23Na, 27Al, and 29Si environments formed at early 

reaction times (24-72 h) 

The atomic-scale 1H, 29Si, 27Al, and 23Na environments and interactions in the 

aluminosilica IPB materials are established by one-dimensional (1D) and two-dimensional 

(2D) solid-state nuclear magnetic resonance (NMR) spectroscopy, which provides element-

specific insights into the chemical environments, covalent bonding configurations, and 
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nanoscale interactions of the atomic species of interest. For example, the 1D single-pulse 27Al 

magic-angle-spinning (MAS) NMR spectra of amorphous Al2O3 and SiO2 particles reacted in 

aqueous 6 M NaOH for 24 and 72 h, shown in Fig. 5.2, exhibit different 27Al signals from 

27Al species in four- and six-coordinated environments, denoted 27AlIV and 27AlVI, 

respectively. After 24 h reaction time, the 1D 27Al MAS NMR spectrum is dominated by a 

27Al signal at 9 ppm, which accounts for 99.7% of the total integrated 27Al signal intensity and 

is assigned to 27AlVI environments in the Al2O3 and AlO(OH) particles. A weak signal at 55 

ppm accounts for 0.3% of the total integrated 27Al signal intensity and is assigned to 27AlIV 

environments at the surfaces of the Al2O3 particles and within the nascent aluminosilica 

network. Previously, the formation of 27AlIV environments in IPB materials has been 

correlated to the development of macroscopic compressive strength.24 The very small overall 

quantity of four-coordinated 27Al species detected in the Al2O3 and SiO2 materials reacted for 

24 h indicates that only a very small fraction of the total Al in the material has participated in 

the formation of the aluminosilica network at this early stage. After 72 h reaction, the 27Al 

signals at 55-60 and 9 ppm are detected from 27AlIV and 27AlVI species, respectively. The 

27AlIV species with signals in the 55-60 ppm range account for 3% of the total integrated signal 

intensity in the 1D 27Al MAS NMR spectrum, while the 27AlVI species account for 97% of the 

total integrated signal intensity. The increase in the total quantity of 27AlIV species from 0.3% 

after 24 h reaction to 3% after 72 h reaction suggests an order-of-magnitude increase in the 

quantity of 27Al species incorporated into an aluminosilica network formed after the longer 

reaction time, the though this still comprises a relatively small fraction of the overall 27Al 

species present in the material.    
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Figure 5.2 Solid-state 1D 27Al MAS NMR spectra of amorphous Al2O3 and SiO2 particles 

reacted at 295 K in 6 M NaOH solution for (a) 24 h and (b) 72 h. The spectra were acquired 

at 295 K, 18.8 T, and 20 kHz MAS. 

The development of macroscopic strength in IPB materials is expected to arise from 

molecular-level changes in the compositions and structures of the aluminosilica network that 

occur gradually over the course of the reaction period.24 However, distinguishing the bonding 

environments of different 27Al and 29Si species in the aluminosilica networks in IPB materials 

is exceptionally challenging due in part to their non-stoichiometric compositions, dilute 

overall quantities (especially for early reaction times), and broad and overlapping NMR 

signals from different alumina(te) and silica(te) phases of the complex and heterogeneous IPB 

materials. However, recent advances in solid-state NMR spectroscopy, most notably dynamic-

nuclear-polarization surface-enhanced MAS NMR (DNP-SENS) techniques at low 

temperatures (<100 K), provide significantly enhanced NMR signal sensitivity that enables 

the detection and correlation of 27Al and 29Si environments in dilute aluminosilica materials, 

even at natural isotopic abundance (4.7%) 29Si.12-15 The DNP-SENS experiments use 

continuous microwave irradiation at <100 K to transfer high electron spin polarization from 
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stable exogeneous biradicals such as TEKPol25 via electron-nuclear hyperfine interactions to 

1H nuclei of the frozen 1,1,2,2-tetrachloroethane (TCE) DNP solvent molecules.16 The 

hydrophobic solvent TCE is chosen so as to not perturb the structure or hydration 

environments of 29Si and 27Al species in the aluminosilica network or at particle surfaces.26 

The DNP-enhanced 1H spin polarization is distributed by 1H-1H spin diffusion through the 

frozen solvent to other molecularly proximate (<1 nm) solvent molecules and to the surfaces 

of the colloidal particles. Subsequently, DNP-enhanced 1H polarization is transferred via 

29Si{1H}, 27Al{1H}, or 23Na{1H} cross-polarization (CP) to 29Si, 27Al, or 23Na nuclei. 

Alternatively, DNP-enhanced polarization of the 23Na, 27Al, or 29Si nuclei can be detected via 

direct-excitation methods, which can yield improved sensitivity for quadrupolar nuclei such 

as 23Na (I = 3/2) and 27Al (I = 5/2), particularly under conditions where radical-surface 

interactions drive DNP polarization transfer. The polarization transfer pathways involved in 

DNP-NMR experiments are depicted schematically in Figure 5.3a.  

To demonstrate the dramatic sensitivity enhancements enabled by DNP-SENS 

measurement conditions, Figure 5.3b,c shows the DNP-enhanced 1D 29Si{1H} and 27Al{1H} 

CPMAS spectra of 50 nm colloidal alumina and silica particles reacted for 24 h in 6 M NaOH 

(water/solids ~ 2). The spectra were acquired under DNP-SENS measurement conditions 

without (black) and with (red) microwave irradiation. The DNP-SENS signal enhancements 

εSi and εAl are defined as the ratio of 29Si{1H} or 27Al{1H} DNP-CPMAS signal intensities 

obtained with (red) and without (black) microwave irradiation, and were measured to be εSi = 

22 and εAl = 37. After 24 h of dissolution and network formation, the 29Si{1H} DNP-CPMAS 

spectrum of reacted Al2O3 and SiO2 particles (Fig. 5.3b) shows a broad distribution of 29Si 

signal intensity, with three partially-resolved 29Si signal maxima at -110, -101, and -92 ppm. 
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These three signals are assigned respectively on the basis of their shift positions23 to Q4(0Al) 

species, overlapping signals from Q4(1Al) and Q3(0Al) species, and Q3(1Al) and Q2(0Al) 

species, respectively. The Qn(mAl) notation refers to a tetrahedral silicon atom which is 

covalently bonded (through bridging oxygen atoms) to n silicon or aluminum atoms, of which 

m are aluminum. Qn species with n < 4 are therefore incompletely crosslinked and associated 

with SiOH and/or -SiO- species at the surfaces of the SiO2 particles as well as within the 

partially-condensed aluminosilica networks. After longer dissolution/network formation 

times (72 h), the same three broad 29Si signals are observed but shifted by ca. 1 ppm to higher 

frequency. This small chemical shift displacement is consistent with a greater concentration 

of silicate species that are partially-crosslinked and/or linked to Al species after the longer 

reaction time. However, the small magnitude of the displacement indicates that only a 

relatively small fraction of the total number of 29Si species are influenced by the longer 

reaction times and correspondingly participating in dissolution, reprecipitation, and network 

formation. The 27Al{1H} DNP-CPMAS spectrum (Fig. 5.3c) is dominated by a signal at 8 

ppm from six-coordinated 27Al environments at the surfaces of the Al2O3 particles, similar to 

the conventional 1D 27Al MAS NMR spectra in Fig. 5.2 though the 27Al signals are displaced 

and somewhat broadened due to field-dependent quadrupolar27 and temperature-dependent28 

broadening effects. Additional weak 27Al signals at 50 and 31 ppm are assigned to 27Al species 

in four- and 5-coordinate environments and arise from relatively dilute 27Al species at the 

surfaces of the Al2O3 particles as well as within the partially-condensed aluminosilica 

network. However, due to the inhomogeneously-broadened and overlapping 27Al and 29Si 

signals from the different 27Al and 29Si environments within the amorphous Al2O3 and SiO2 

particles, at the particle surfaces, and incorporated into the dilute aluminosilica network, it is 
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impossible to unambiguously resolve the signals associated with the aluminosilica network 

on the basis of 1D 29Si{1H} and 27Al{1H} DNP-SENS spectra alone.       

Crucially, the more than order-of-magnitude enhancement in NMR signal intensity enables 

the measurement of 2D 29Si{1H}, 27Al{29Si}, and 23Na{29Si} heteronuclear correlation spectra 

of the dilute surface species in aluminosilica networks, which have until now been challenging 

or infeasible to characterize without expensive isotopic enrichment in 29Si. With DNP-SENS 

techniques, powerful 2D NMR correlation analyses can be applied to establish the molecular-

level structures and compositions of aluminosilica networks, which can be used to correlate 

directly to the development of macroscopic strength in the materials. 

 

Figure 5.3 (a) Schematic diagram depicting the various polarization transfer pathways 

involved in the DNP-SENS experiments, including hyperfine interactions (yellow arrows) 

from electrons on the TEKPol biradical to proximate 1H nuclei, 1H spin diffusion within the 

frozen solvent to the external particle surfaces (blue arrows), followed by 29Si{1H} cross-

polarization (maroon arrows) from 1H to 29Si nuclei (natural abundance 4.7%, I = 1/2) or 
27Al nuclei (natural abundance 100%, I = 5/2) through nuclear dipole-dipole interactions. 

Solid-state DNP-SENS 1D (b) 29Si{1H} and (c) 27Al{1H} CPMAS spectra of 50 nm 

colloidal alumina and silica particles reacted for 24 h in 6 M NaOH (water/solids ~ 2), 

acquired in the presence of 8 mM TEKPOL biradical in frozen 1,1,2,2-tetrachloroethane 

(TCE), at 9.4 T, 90 K, 8 kHz MAS, and without (black) or with (red) microwave irradiation 

at 263 GHz. 
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Specifically, DNP-SENS heteronuclear correlation spectra establish the hydration 

environments, 27Al-O-29Si bonding configurations, and the interactions and environments of 

Na+ cations in aluminosilica networks formed by reaction of Al2O3 and SiO2 particles in 

highly alkaline conditions after different reaction times. These insights are provided by two-

dimensional (2D) 29Si{1H}, 27Al{29Si}, and 23Na{29Si} DNP-SENS heteronuclear correlation 

spectra, which are mediated by through-space internuclear dipole-dipole couplings that 

operate over distances of < 1 nm. The 2D spectra are plotted as 2D contour plots with 1H, 29Si, 

27Al, or 23Na frequency axes plotted with units of Hz/MHz or ppm. Correlated signals in the 

2D spectra manifest the site-specific interactions and nanoscale proximities of the dipole-

dipole coupled 1H, 29Si, 27Al, or 23Na nuclei with the corresponding NMR signals. The 2D 

DNP-SENS spectra thus selectively detect and resolve signals from dilute species within the 

aluminosilica networks, including directly-bonded 27Al-O-29Si moieties and charge-balancing 

Na+ cations situated near AlO4
- tetrahedral within the IPB networks. 

Strong hydrogen-bonding interactions of adsorbed water at the surfaces of the SiO2 

particles and within the aluminosilica networks are established by the 2D 29Si{1H} DNP-

SENS HETeronuclear CORrelation (HETCOR) spectra in Figure 5.4. The 2D 29Si{1H} 

spectrum of the particle mixture after 24 h of reaction in 6 M NaOH shows broad, overlapping 

29Si signals at -92, -100, and -108 ppm, which reflect overlapping signal contributions from 

Q3(1Al)/Q2(0Al), Q4(1Al)/Q3(0Al), and Q4(0Al) silicate species, respectively. All of these 

signals are correlated with a broad distribution 1H signals from 5.2 to 20 ppm, which arise 

from -OH moieties participating to different extents in hydrogen bonding at the different 29Si 

sites. The 1H signals at 5.2 ppm are consistent with physisorbed water, while the signals at 

higher 1H chemical shift values arise from strongly H-bonded -OH moieties which are 
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associated with incompletely condensed Si-OH, Al-OH, and H2O species at particle surfaces 

and in the crosslinking aluminosilica network. Well-established semi-empirical correlations 

relate the 1H chemical shift to the -OH…O- hydrogen bond distances.29 Using these 

correlations, the broad 1H signals from 6-20 ppm establish the presence of very strong 

hydrogen bonding interactions at partially and completely crosslinked silicate sites at the 

surfaces of the SiO2 particles and the aluminosilica networks. The 29Si signal at -100 ppm 

from Q3(0Al) and Q4(1Al) silicate species shows an additional weak intensity correlation with 

the 1H signal at 2.5 ppm, which is assigned to dilute isolated Si-OH moieties associated with 

Q3(0Al) sites at the surfaces of the SiO2 particles. The 2D DNP-SENS 29Si{1H} HETCOR 

spectrum of the same material after 72 h reaction shows similar 29Si-1H intensity correlations 

between 29Si signals at -92, -100, and -106 ppm and 1H signals at 5.7 ppm from adsorbed 

water, and 8.7-15 ppm from strongly H-bonded -OH groups. The decrease in the shifted H-

bonded -OH groups indicates a decrease in the interaction between adsorbed water and the 

partially and completely crosslinked silicate sites at the surface. Previous analyses of 

cementitious IPB materials, and traditional cement materials, has suggested that strength 

development coincides with expulsion of water from the IPB as the material condenses. The 

reduced extent of hydrogen bonding detected after 72 h reaction compared to 24 h is consistent 

with exclusion of water from between the SiO2 particles and from within the aluminosilica 

network during condensation of the material. Complementary analyses of 2D DNP-SENS 

27Al{1H} HETCOR spectra of the same materials corroborate this conclusion. All 29Si signals 

in the 2D 29Si{1H} HETCOR spectrum in Fig. 5.4b are also correlated with 1H signals at 2.0 

and -0.5 ppm, which are assigned to isolated -Si-OH and Na-OH moieties, respectively. The 

stronger correlated signal intensities from isolated -Si-OH species after 72 h reaction 
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compared to 24 h suggests that longer reaction times lead to greater densities of relatively 

isolated (as opposed to strongly H-bonded) hydroxyl groups, which is also consistent with the 

reduced extent of hydrogen bonding for the material reacted for 72 h. Furthermore, the 

correlated signals from Na-OH species establish that a subset of the alkaline NaOH species 

present in the reaction media are adsorbed (within 1 nm) at the surfaces of the partially-

crosslinked SiO2 particles. This conclusion is corroborated by the 2D DNP-SENS 23Na{29Si} 

correlation spectra discussed below.  

 

 

Figure 5.4 Solid-state 2D 29Si{1H} DNP-CP-HETCOR spectra of amorphous Al2O3 and 

SiO2 particles reacted at 295 K in 6 M NaOH solution for (a) 24 h and (b) 72 h. The spectra 

were acquired at 95 K, 9.4 T, 8 kHz MAS, in the presence of 8 mM TEKPol biradical 

polarizing agent in 1,1,2,2-tetrachloroethane (DNP solvent), and using 29Si{1H} CP contact 

times of 0.5 ms. Solid-state 1D 29Si{1H} DNP-CPMAS spectra are shown along the 

horizontal axes for comparison with the 1D 29Si projections of the 2D spectra, and the 1H 

projections are shown along the vertical axes. The inset shows interactions of hydroxyl 

moieties and occluded water molecules with 29Si atoms in the aluminosilica network. 

   

The 27Al-O-29Si covalent connectivities within the precipitated aluminosilica IPB network 

are different after different reaction times, as established by the 2D 27Al{29Si} dipolar-
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mediated heteronuclear multi-quantum coherence (D-HMQC) NMR spectra of colloidal 

Al2O3 and SiO2 particles reacted in 6 M NaOH for 24 or 72 h shown in Fig. 5.5. The 2D 

27Al{29Si} HMQC spectra selectively detect and correlate 27Al species that are dipole-dipole-

coupled to, and within nanoscale proximity of, 29Si nuclei, being principally sensitive to 

interactions of directly-bonded 27Al-O-29Si spin pairs. The 2D spectra thus establish 

unambiguously the types, distributions, and covalent bonding of 29Si and 27Al species within 

the aluminosilica networks, which comprise only ca. 1-3% of the IPB materials based on the 

quantitative 27Al single-pulse spectra discussed above. The 2D 29Si{27Al} HMQC spectrum 

of the Al2O3 and SiO2 particles after 24 h reaction (Fig. 5.5a) shows broad partially-resolved 

27Al signals at 65 and 48 ppm that arise from 27AlIV and 27AlV species, respectively. The 27Al 

signal at 48 ppm is correlated to a broad distribution of 29Si signals in the -96 to -85 ppm 

range, indicating that 27AlV species in the aluminosilica network are bonded (through bridging 

oxygen atoms) to partially-crosslinked Q3(1Al) and Q2(1Al) silicate species. Interestingly, the 

27Al signal at 65 ppm is correlated to 29Si signals centered at -85 ppm from Q2(1Al) species, 

indicating that the 27AlIV species are predominately bonded to Q2(1Al) silicate species and 

distributed in regions of the aluminosilica network that are less-completely crosslinked than 

the environments occupied by 27AlV species.  

At longer reaction times, the aluminosilica network condenses further, evidenced by the 

correlated signal intensities in the 2D 27Al{29Si} D-HMQC spectrum of Al2O3 and SiO2 

particles reacted in 6 M NaOH for 72 h shown in Figure 5.4b. The spectrum shows 27Al 

signals at 62 and 40 ppm from 27AlIV species that are correlated to a relatively narrow 29Si 

signal at -94 ppm from Q3(1Al) silicate species. These correlated signals establish the 27Al-O-

29Si connectivities of four- and five-coordinated 27Al species and Q3(1Al) silicate species 
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within the partially-condensed aluminosilica network. Overall, the DNP-enhanced 2D 

27Al{29Si} D-HMQC spectra and analyses establish that at early reaction times of 24 h, the 

aluminosilica network is composed of 27Al species in four- and five-coordinate environments 

that are connected to partially-crosslinked Q2 and Q3 silicate species. After longer reaction 

times of 72 h, Q2 silicate species further condense to form Q3(1Al) species.  

 

 

Figure 5.5 Solid-state 2D 27Al{29Si} DNP-D-HMQC spectra of amorphous Al2O3 and SiO2 

particles reacted at 295 K in 6 M NaOH solution for (a) 24 h and (b) 72 h. The spectra were 

acquired at 95 K, 9.4 T, 8 kHz MAS, and in the presence of 8 mM TEKPol biradical 

polarizing agent in 1,1,2,2-tetrachloroethane (DNP solvent). Solid-state 1D 27Al{1H} or 
29Si{1H} DNP-CPMAS spectra are shown along the horizontal axes for comparison with 

the 1D projections of the 2D spectra.  

 
 Sodium cations have long been recognized to play roles as activator species in the 

dissolution and setting of silica-based cementitious materials due to the empirically-observed 

catalytic influence that sodium plays on the dissolution of silica.2 Highly alkaline conditions 

are generally required for the formation of IPBs due to the reduced dissolution rates which 

greatly slow the setting time compared to traditional cements, though it has not been clear if 
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the sodium ions play a more active role in directing the formation of the resultant 

aluminosilica(te) structure compared to other metal cations.  Solid-state DNP-enhanced 1D 

23Na echo and 23Na{1H} CPMAS establish the local environments of Na+ cations in colloidal 

Al2O3 and SiO2 particles reacted in 6 M NaOH for 24 and 72 h, as shown in Figure 5.6. 

Specifically, the 1D 23Na echo spectra of the materials reacted for 24 (Fig. 5.6a) and 72 h 

(Fig. 5.6b) show a relatively narrow (2 ppm full-width-half-maximum, FWHM) 23Na signal 

at 7 ppm that arises from the NaCl phase formed on neutralization of the materials with HCl. 

An additional 23Na signal at -2 ppm is much broader and exhibits a Czjzek quadrupolar 

lineshape,30 as established by the representative deconvolution of the spectrum in Fig. 6a. The 

Czjzek lineshape is characteristic of a distribution of quadrupolar parameters corresponding 

to isotropically distributed 23Na species, typically seen in glasses. The -2 ppm shift position 

of the broad 23Na signal is similar to 23Na signals seen in Na+-exchanged zeolites,31 and the 

signal is assigned to hydrated Na+ cations interacting at the surfaces of the Al2O3 and SiO2 

particles, as well as incorporated within the aluminosilica network. Only the broad 23Na signal 

at -2 ppm is enhanced in the 1D 23Na{1H} DNP-CPMAS spectra in Fig. 6c,d, corroborating 

that this signal corresponds to hydrated Na+ cations while the 23Na signal at 7 ppm arises from 

anhydrous NaCl species. While the 1D 23Na echo spectra in Fig. 5.6a,b are not strictly 

quantitative, the relative signal intensity of the 23Na signal from NaCl decreases after 72 h 

reaction time relative to after only 24 h, indicating that more Na+ cations are incorporated into 

the aluminosilica network at later reaction times, consuming NaOH species that otherwise 

form NaCl on acid neutralization of the materials. 
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Figure 5.6 Solid-state 1D DNP-enhanced (a,b) 23Na echo and (c,d) 23Na{1H} CPMAS NMR 

spectra of amorphous Al2O3 and SiO2 particles reacted at 298 K in 6 M NaOH solution for 

(a,c) 24 h and (b,d) 72 h. The spectra were acquired at 95 K, 9.4 T, 8 kHz MAS, in the 

presence of 8 mM TEKPol biradical polarizing agent in 1,1,2,2-tetrachloroethane (DNP 

solvent), and using 23Na{1H} CP contact times of 5 ms for (c,d). A representative simulation 

of the 23Na spectra is shown in (a) as the dotted red line, with the fit deconvolution shown 

offset below.  

Interestingly, Na+ cations interact to significant extents at the surfaces of the SiO2 particles, 

as established by the DNP-enhanced 2D 23Na{29Si} D-HMQC spectra in Figure 5.7. The 2D 

23Na{29Si} NMR correlation spectrum of amorphous Al2O3 and SiO2 particles reacted for 24 

h in 6 M NaOH (Fig. 5.7a) reveals correlated signal intensities at -6 and -2 ppm in the 23Na 

dimension and -84 and -94 ppm in the 29Si dimension (red shaded region), which arise from 

Na+ cations near Q2(1Al) and Q3(1Al) moieties. These signals are assigned to Na+ cations that 

charge-balance the AlO4
- tetrahedra that compose part of the aluminosilica network as 

established by the 2D 27Al{29Si} D-HMQC analyses discussed above. Interestingly, the 2D 

23Na{29Si} correlation spectrum shows an additional broad distribution of correlated signal 

intensity from 5 to -15 in the 23Na dimension and -123 to -94 ppm in the 29Si dimension, as 

well as a narrow, correlated signal intensity at -21 ppm in the 23Na dimension and -109 ppm 
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in the 29Si (yellow-shaded region). These signals establish the nanoscale interactions of 

hydrated Na+ cations and 29Si Q4(0Al), Q4(1Al), Q3(0Al), and Q4(1Al) silicate species at the 

surfaces of the partially-reacted SiO2 particles. After 72 h reaction (Fig. 5.7b), similar but 

somewhat broader correlated 23Na{29Si} signal intensities are observed at 10 to -22 ppm in 

the 23Na dimension and -128 to -94 ppm in the 29Si dimension, indicating broader distributions 

of surface-bound 23Na+ at the SiO2 particle surfaces after the longer reaction time. An 

additional weaker signal at -2 ppm in the 23Na dimension and -94 ppm in the 29Si dimension 

(red shaded region) is assigned to Na+ species that charge balance AlO4
- tetrahedra near 

Q3(1Al) sites within the partially-condensed aluminosilica network. Interestingly, this signal 

is narrower than the similar signal in the same spectral region of the spectrum acquired after 

24 h reaction time (Fig. 5.7a), indicating that the extent of local order of the Na+ cations 

incorporated within the aluminosilica network increases as a function of reaction time. Given 

the strong correlated signal intensities in the spectral region associated with surface-bound 

Na+ cations, a substantial fraction of the Na+ species in the material interact electrostatically 

with Si-O- moieties at the surfaces of the partially-reacted SiO2 particles after both 24 and 72 

h reaction. The strong surface interactions of Na+ cations and the SiO2 particle surfaces is 

evidence of the important catalytic role sodium ions play at the silica surface, though the 

extent at which they interact on a molecular level has not been well characterized to date. 

These correlated 2D NMR measurements provide an opportunity to see how sodium ions 

interact at the silica surface during network formation. Complementary 1D and 2D 27Al{23Na} 

NMR correlation experiments are currently in progress to corroborate the incorporation of 

Na+ cations into the aluminosilica network and also evaluate the extents and types of 

interactions of Na+ cations with the Al2O3 particles.  
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Figure 5.7 Solid-state 2D 23Na{29Si} DNP-D-HMQC spectrum of amorphous Al2O3 and 

SiO2 particles reacted at 298 K in 6 M NaOH solution for (a) 24 h and (b) 72 h. The spectra 

were acquired at 95 K, 9.4 T, 8 kHz MAS, and in the presence of 8 mM TEKPol biradical 

polarizing agent in 1,1,2,2-tetrachloroethane (DNP solvent). Solid-state 1D 23Na echo or 
29Si{1H} DNP-CPMAS spectra are shown along the horizontal axes for comparison with the 

1D projections of the 2D spectra. 

The comprehensive 1D and 2D 27Al{1H}, 29Si{1H}, 27Al{29Si}, 23Na{1H}, and 23Na{29Si} 

DNP-SENS spectra and analyses together provide detailed information on the compositions 

and structures of the surface species in alkali-activated aluminosilica cements and their 

evolution over time A schematic diagram of the types and distributions of surface 23Na, 27Al, 

and 29Si species that compose the aluminosilica network is shown in Figure 5.8 that is 

consistent with all of the solid-state NMR analyses. Specifically, the aqueous 6 M NaOH 

reaction mixture equilibrates rapidly as solution-phase species saturate. Less than 3% of all of 

the aluminum atoms present in the material are incorporated into the aluminosilica network 

formed after 24-72 h. Nevertheless, the structure and composition of the aluminosilica IPB 

network change dramatically over that same time period. Water is excluded from the 

interparticle networks as silicate species in the aluminosilica network condense. After 24 h 

reaction time, the aluminosilica network is composed of four- and five-coordinate 27Al species 



 

 123 

bonded (through bridging oxygen atoms) to partially-crosslinked Q3(1Al) and Q2(1Al) silicate 

species. After 72 h reaction time, the types of 27Al coordination environments are unchanged 

though the majority of 27Al species are bonded to Q3(1Al) species, consistent with further 

condensation of the IPB network over longer reaction times. Additionally, Na+ species are 

incorporated into the aluminosilica network after reaction times of 24-72 h, likely acting as 

charge-balancing cations to AlO4
-
 tetrahedral. Broad distributions of Na+ species are shown to 

interact with the surfaces of the partially-reacted SiO2 particles, related to the previously 

observed catalytic effect on silica dissolution.s 

  

 
Figure 5.8 Schematic diagram of the partially-condensed aluminosilica network formed on 

reaction of colloidal alumina and silica particles in aqueous 6 M NaOH. Silicon, aluminum, 

and sodium atoms are represented by blue, red, and yellow circles, respectively, and the 27Al-
29Si and 23Na-29Si interactions manifested by the 2D 27Al{29Si} and 23Na{29Si} DNP-D-

HMQC spectra in Fig. 5.5 and 5.6 are represented by the blue, red, or yellow colored regions.  

5.4.3 Characterizing early dissolution behavior of aluminosilica network formation 

In addition to characterizing the local molecular structure during the initial stages of 

aluminosilica network formation, the SFA apparatus was used to establish the early 
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dissolution behavior for an asymmetric solid-liquid-solid interface of alumina and silica in 6 

M NaOH. The previous NMR results clearly indicate that the dissolution and subsequent 

network formation reactions primarily occur at the surface, with large amounts of the bulk 

material remaining inactive in the network formation process. Force-distance F(D) 

measurements were performed using a standard Surface Forces Apparatus 2000 (SFA),32 

depicted in Figure 1.2. 

The SFA experiments were set up with two composite surfaces, one with an 800 nm thick 

SiO2 layer and one with 10 nm Al2O3 layer on 800 nm SiO2. 6 M NaOH was injected between 

the surfaces with a water/solids ratio of 200 to cover the entire contact area. Forces were 

measured on approach rates below which hydrodynamic forces are negligible, as ascertained 

by forces that are independent of approach rates. Representative force-distance profiles, F(D), 

measured while bringing together the two silica and alumina-coated silica surfaces are shown 

by the data points in Figure 5.9. 

At the first force measurement after injection, where the surfaces have been exposed to 

the solution for approximately 10 minutes, we observe significant dissolution of the surfaces 

by approximately 15 nm. This is clearly observed by the difference in the hardwall of the t0 

curve and the initial contact marker and is expected for silica and alumina-coated silica 

surfaces in a strong alkaline solution. As the reaction time increases, the hardwall of the 

surfaces continues to shift indicating dissolution is still occurring at the t > 1 h curve. Due to 

the increase in water/solids ratio, the solution will remain undersaturated with regards to silica 

and alumina species and no significant growth of aluminosilica species is observed, verified 

by the lack of adhesion/cohesion even after 168 h. 
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Figure 5.9 Representative force-distance profiles measured between silica and alumina 

surfaces in 6 M NaOH (pH > 14) at T = 22°C. The water/solids ratio of this experiment was 

approximately 200 to achieve a large enough volume to coat the entire surface. The curve at 

t0 indicates the first force run acquired immediately after injection of the 6 M NaOH solution, 

which means the surfaces were exposed to solution for up to 10 minutes before data was 

collected. The curve at t > t0 is representative of the force curve after the surfaces were exposed 

to solution for more than 1 hour. The initial contact position of the surfaces is indicated by the 

vertical dashed line. 

Notably, a strong repulsion occurs at over 45 nm away from the surface for t0 and over 20 nm 

away from the surface for t > 1 h. The high salt concentration results in a Debye length that is 

essentially the size of the counterion which means the electrostatic forces are extremely short-

range in this system.33 The repulsion is instead a result of strongly adsorbed ions near the 

surface which are compressed as the surfaces are brought together. During the initial 

approach, we displace an ion layer at 12.3 mN/m with a size of almost 8 nm. These results 

suggest that, at early dissolution time periods, the silica and alumina species are removed from 

the surface but still interact strongly near the interface and react to form larger aluminosilica 

networks (i.e., undergoing the initial stages of nucleation). At longer reaction times, t > 1 h, 

the repulsive interaction regime decreased and no large species were displaced near the 
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surface, due to the large reservoir of undersaturated solution which allows for diffusion of 

species away from the confined interface. 

 5.5 Summary and conclusions 

The local atomic environments and distributions of 1H, 23Na, 27Al, and 29Si species in 

aluminosilica IPB materials have been established for colloidal SiO2 and Al2O3 particles 

reacted in highly alkaline (6 M NaOH) aqueous media by using state-of-the-art 1D and 2D 

DNP-enhanced solid-state NMR techniques, with complementary X-ray diffraction and 

electron microscopy analyses. The results establish the covalent bonding configurations and 

hydration environments within the aluminosilica IPB network that evolve over time, which 

can be related to the development of the macroscopic strength of the material in future 

experiments. The aluminosilica network forms from reaction of surface and near-surface 

species and incorporates <3% of all of the 27Al species in the bulk material after reaction times 

of 24-72 h. After 24-72 hours of reaction time, the aluminosilica network is comprised of four- 

and five-coordinate 27Al species bonded to partially-crosslinked silicate species that condense 

over time.  

Additionally, the initial stages of dissolution at the interface of alumina and silica surfaces 

was characterized in highly alkaline (6 M NaOH) aqueous media using SFA force 

measurement techniques. Significant dissolution is observed followed by the formation of 

strongly adsorbed surface species which, at early times, have a length of around 8 nm. These 

results show that during the initial dissolution of the alumina and silica surfaces in a confined 

interface, the ionic species exist near the surfaces even in highly undersaturated environments, 

corroborating the observations made using NMR. Further investigation of the initial 

dissolution behavior followed by nucleation and growth of the aluminosilica network is 
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required to fully correlate the change in macroscopic properties with the observed molecular 

structure changes observed using NMR. 

The gradual condensation of the aluminosilica network at and between the Al2O3 and SiO2 

particle surfaces corresponds with “setting” of the bulk cement material. Understanding the 

molecular level changes during IPB network formation identifies important factors that may 

strongly impact the formation of a 4-coordinate aluminosilica network, specifically the 

presence of impurities that substitute aluminum sites or that competitively react with 

aluminum to prevent the aluminosilica formation, which is expected to assist in screening of 

initial precursor (fly ash) selection in the development of new IPB materials with applications 

as low-CO2 cements. Fully correlating these results with macroscopic changes in dissolution 

behavior and network adhesion/cohesion in the SFA provides the basis for spanning 

molecular-to-macroscopic property relation. 
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Chapter 6:  Conclusions 

This dissertation demonstrated the significant impact that electrostatic surface forces have 

on non-equilibrium processes such as dissolution, corrosion, and network formation in 

confined solid-liquid-solid interfaces. The overall unifying theme of the research presented 

here was to understand the importance of electrostatic forces for non-equilibrium processes at 

confined interfaces and demonstrate how control of the surface forces can influence the 

evolution of the interface. Each of these non-equilibrium processes plays an important role in 

the development of macroscopic properties relevant to technological applications. As such, 

understanding the driving force behind changes at the interface is necessary to develop 

improved methods which can positively influence the non-equilibrium processes. 

Specifically, dissolution-based non-equilibrium processes at the confined interfaces are 

dramatically influenced by changes in the electrostatic forces. By using a combination of the 

SFA technique with NMR spectroscopy and standard materials characterization techniques, 

the changes in molecular interactions can be correlated with the change in macroscopic 

properties. New insights into the role of electrostatic forces on enhanced dissolution processes 

at confined interfaces have important implications for the development of technological 

processes related to improving current CMP or inhibiting corrosion. Additionally, dissolution 

processes are often the first step in other non-equilibrium processes which involve surface 

reactions that drastically influence the development of macroscopic properties in catalysis and 

structural materials. 

To accurately characterize non-equilibrium processes at confined solid-liquid-solid 

interfaces, the proper tools and characterization methods are required. The previous 

limitations on interfaces for surface characterization techniques were resolved through the 



 

 133 

development of composite silica surfaces. These composite surfaces are more versatile due to 

the ease of functionalization while maintain the ultra-smooth surface roughness required for 

surface characterization techniques. The development of these surfaces allows for previously 

unobtainable interfaces to be studied, allowing for characterization of a wider range of 

interfacial phenomena for dynamic processes. 

The investigation of enhanced dissolution processes at confined, asymmetric solid-liquid-

solid interfaces using a combination of surface and materials characterization techniques 

resulted in a broader understanding of enhanced dissolution phenomena. Specifically, the 

observed enhanced dissolution processes are all strongly influenced by the electrostatic forces 

at the interface, which had been previously overlooked in a wide range of enhanced dissolution 

phenomena observed at confined interfaces. An electrochemically enhanced dissolution 

model was developed and verified through the direct manipulation of observed dissolution of 

silica, diamond, and nickel using applied electrostatic forces. Notably, this model provides a 

new method for controlling dissolution processes at confined, asymmetric solid-liquid-solid 

interfaces through manipulation of the applied electrostatic forces. The insights gained are 

expected to be broadly applicable as long as the asymmetric solid-liquid-solid interface 

condition is achieved. 

Network formation of aluminosilica materials in alkaline environments has been shown 

to be strongly dependent on the interaction of dissolved species at the surface of the alumina 

and silica precursors. The networks that evolve over time are built upon the initial reaction of 

the dissolved species at the surface which demonstrates the importance of the initial 

dissolution and condensation processes involved in network formation. At the silica and 

alumina interface, species released from the surface through dissolution are shown to strongly 



 

 134 

interact near the surface and even participate in initial nucleation reactions within the confined 

interface. The detailed understanding of changes in the molecular structure of aluminosilica 

networks present future opportunities to correlate the initial formation and growth of 

aluminosilica networks with the development of macroscopic properties such as 

adhesion/cohesion. These insights can be used to better understand network formation 

processes and how to ensure the formation of networks with desirable macroscopic properties 

for structural materials or catalysis. 

The new and detailed molecular-level insights presented in this dissertation are expected 

to be of interest to researchers working on the characterization of non-equilibrium processes 

at confined solid-liquid-solid interfaces, especially those involving dissolution processes such 

as corrosion, CMP, and network formation. The role of intermolecular interactions, such as 

electrostatic forces, and associated changes in macroscopic properties have been demonstrated 

for several non-equilibrium processes. In particular, the general model for electrochemically 

enhanced dissolution demonstrates the importance of understanding the relationship between 

molecular and macroscopic changes within a system. Consequently, the combination of 

surface and materials characterization techniques, analyses, and resulting insights 

demonstrated in this dissertation are expected to be of general relevance to a wide range of 

non-equilibrium processes at confined interfaces where macroscopic properties develop due 

to the influence of surface interactions and molecular forces. 




