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Abstract

Photocatalytic applications play an essential role in the search for alternative energy sources

with reduced CO2 emissions and environmental decontamination techniques. Metal oxides

are often considered in photocatalytic applications due to their generally favorable photocat-

alytic properties and their stability when used in aqueous solutions. In the past years more

attention has been drawn to nano-sized systems of the same materials, since they exhibit

special optical and electrical features compared to their bulk counterparts that can have a

positive impact on the photocatalytic performance. In particular, nanoparticles are an inter-

esting system to study in this context, as they can easily be tailored or modified for a particular

application. Besides the need to find more suitable photocatalytic materials, it is of funda-

mental interest to understand on a molecular level the aqueous solid/liquid interface, where

the photocatalytic reactions occur, in order to improve the reaction efficiency. Surface charge,

ion diffusion and adsorption are all elements that can have a significant impact on reaction

rates and, in the case of nanoparticles, colloidal stability. However, not many experimental

techniques are able to probe the electrical double layer (EDL) and its peculiar properties,

particularly when it comes to colloidal nanoparticles directly dispersed in solution.

In this thesis we apply polarimetric angle-resolved second harmonic scattering (AR-SHS)

to study the EDL of colloidal oxide particles in aqueous environments. We first show the

applicability of AR-SHS on a well-known insulating oxide, silica (SiO2). We then investigate

titanium dioxide (TiO2), a metal oxide that has been extensively studied for photocatalytic

applications over the last five decades due to its high stability and low cost. The two oxides are

further compared. We show that from our nonlinear optical surface specific measurements,

we can extract the surface potential of oxide particles with respect to bulk liquid and the

surface susceptibility, as a measure of interfacial molecular orientation. This can be achieved

without assuming a specific charge distribution in the electrical double layer, and hence

without employing a model such as the Gouy-Chapman or the Gouy-Chapman-Stern models.

Through electrophoretic mobility measurements, we additionally obtain the zeta potential of

the particles in comparison to the surface potential from AR-SHS measurements. Knowing

the surface potential, the surface susceptibility and the zeta potential enables us to establish a

molecular level picture of the oxide particle/liquid interface as a function of ionic strength

and pH.

First, we provide evidence that a condensed layer of hydrated ions is formed at the 300 nm

diameter amorphous SiO2 aqueous interface in high pH conditions and at high NaCl con-
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Abstract

centrations (≥1 mM). Computation of surface charge density values based on our measured

surface potential values and using the Gouy-Chapman and Gouy-Chapman-Stern models are

in good agreement.

Next, we study the EDL of 100 nm diameter amorphous TiO2 particles as a function of NaCl

concentration and basic pH. Three different regions as a function of ionic strength can be

identified. These three regions allow us to distinguish three phenomena with increasing

ionic strength. First, inner-sphere adsorption at the lowest concentrations, then formation

of a diffuse layer of counterions and finally, accumulation of hydrated counterions near the

interface. While all these phenomena are predicted by common electrostatic models, our data

enables us to retrieve the electrostatic structure of aqueous interfaces at each ionic strength

without a priori knowledge on the charge distribution, suggesting AR-SHS could be applied to

a variety of more complex systems. Similar regions are observed for TiO2 particles in basic pH

and 100 nm diameter SiO2 particles as a function of NaCl concentration. The TiO2 surface is

found to have a stronger affinity for Na+ ions than SiO2.

We further evaluate ion-specific effects at the SiO2 and amorphous TiO2 colloidal aqueous

interface. The addition of NaCl, RbCl or CaCl2 to the aqueous environment leads to relative

differences in surface potential and in the evolution of the interfacial H-bonding network as a

function of ionic strength. The relative variations as a function of ionic strength reveal surface-

and cation- specific preferences for inner- and outer-sphere adsorption.

Finally we demonstrate that AR-SHS measurements in different pH conditions can be used to

determine the pKas of 100 nm diameter anatase TiO2 particles. Our data reveals a correlation

between the change in orientation of interfacial water molecules and the pKas of surface

TiO2 groups. This work shows that AR-SHS is a powerful tool to uncover the EDL structure of

colloidal oxide particles, thus contributing to a better understanding of interfacial processes

important to a variety of (photo-)catalytic applications.

Keywords: aqueous solid/liquid interfaces, oxides, colloids, electrical double layer, surface po-

tential, molecular orientation, ion adsorption, non-linear optics, second harmonic generation,

light scattering
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Zusammenfassung
Photokatalytische Anwendungen spielen eine wesentliche Rolle bei der Suche nach alternati-

ven Energiequellen mit geringeren CO2-Emissionen und Techniken zur Dekontaminierung

der Umwelt. Metalloxide werden aufgrund ihrer allgemein vorteilhaften photokatalytischen

Eigenschaften und ihrer Stabilität bei Verwendung in wässrigen Lösungen häufig für photoka-

talytische Anwendungen eingesetzt. In den letzten Jahren wurde mehr Aufmerksamkeit auf

Systeme derselben Materialien in Nanogröße gelenkt, da sie im Vergleich zu Bulk-Materialien

besondere optische und elektrische Eigenschaften aufweisen, die sich positiv auf die photoka-

talytische Leistung auswirken können. Insbesondere Nanopartikel sind in diesem Zusammen-

hang ein interessantes System, da sie leicht für eine bestimmte Anwendung maßgeschneidert

oder verändert werden können. Neben der Notwendigkeit, geeignetere photokatalytische Ma-

terialien zu finden, ist es von grundlegendem Interesse, die wässrige Fest-Flüssig-Grenzfläche,

an der die photokatalytischen Reaktionen stattfinden, auf molekularer Ebene zu verstehen,

um die Reaktionseffizienz zu verbessern. Oberflächenladung, Ionendiffusion und Adsorption

sind Elemente, die einen erheblichen Einfluss auf die Reaktionseffizienz und - im Falle von

Nanopartikeln - die kolloidale Stabilität haben können. Es gibt jedoch nur wenige experimen-

telle Techniken, mit denen die elektrische Doppelschicht (engl. electrical double layer (EDL))

und ihre besonderen Eigenschaften untersucht werden können, insbesondere bei kolloidalen

Nanopartikeln, die direkt in einer Lösung dispergiert sind.

In dieser Arbeit wenden wir polarimetrische winkelaufgelöste zweite harmonische Streuung

(engl. angle-resolved second harmonic scattering (AR-SHS)) an, um die EDL von kolloidalen

Oxidpartikeln in wässriger Umgebung zu untersuchen. Wir zeigen zunächst die Anwendbar-

keit von AR-SHS an einem bekannten isolierenden Oxid, Siliziumdioxid (SiO2). Anschließend

untersuchen wir Titandioxid (TiO2), ein Metalloxid, das aufgrund seiner hohen Stabilität und

geringen Kosten in den letzten fünf Jahrzehnten ausgiebig für photokatalytische Anwendun-

gen untersucht wurde. Die beiden Oxide werden darüber hinaus miteinander verglichen.

Wir zeigen, dass wir aus unseren optisch nichtlinearen, oberflächenspezifischen Messungen

das Oberflächenpotenzial der Oxidpartikel in Bezug auf die Bulk-Flüssigkeit und die Ober-

flächensuszeptibilität als Maß für die molekulare Orientierung an der Grenzfläche ermitteln

können. Dies kann erreicht werden, ohne eine spezifische Ladungsverteilung in der elek-

trischen Doppelschicht anzunehmen und somit ohne ein Modell wie das Gouy-Chapman-

oder das Gouy-Chapman-Stern-Modell zu verwenden. Durch Messungen der elektropho-

retischen Mobilität erhalten wir zusätzlich das Zetapotenzial der Partikel im Vergleich zum

Oberflächenpotenzial aus AR-SHS-Messungen. Die Kenntnis des Oberflächenpotenzials, der
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Oberflächensuszeptibilität und des Zetapotenzials ermöglicht es uns, ein Bild der Oxidpartikel-

Flüssigkeits-Grenzfläche auf molekularer Ebene in Abhängigkeit von der Ionenstärke und dem

pH-Wert zu etablieren.

Zunächst weisen wir nach, dass sich an der wässrigen Grenzfläche von amorphem SiO2 mit

einem Durchmesser von 300 nm bei hohen pH-Werten und bei hohen NaCl-Konzentrationen

(≥ 1 mM) eine kondensierte Schicht aus hydratisierten Ionen bildet. Die Berechnung der Ober-

flächenladungsdichte auf Grundlage unserer gemessenen Oberflächenpotentialwerte und

unter Verwendung der Gouy-Chapman- und Gouy-Chapman-Stern-Modelle zeigt eine gute

Übereinstimmung.

Als nächstes untersuchen wir die EDL von amorphen TiO2-Partikeln mit einem Durchmesser

von 100 nm in Abhängigkeit von der NaCl-Konzentration und basischen pH-Werten. Es lassen

sich drei verschiedene Bereiche in Abhängigkeit von der Ionenstärke identifizieren. Anhand

dieser drei Bereiche lassen sich drei Phänomene mit zunehmender Ionenstärke unterschei-

den. Zunächst die Adsorption der Ionen unter partiellem oder vollständigem Verlust ihrer

Hydratisierung (engl. inner-sphere) bei den niedrigsten Konzentrationen, dann die Bildung

einer diffusen Schicht von Gegenionen und schließlich die Akkumulation von hydratisierten

Gegenionen in der Nähe der Grenzfläche. Während alle diese Phänomene durch gängige elek-

trostatische Modelle vorhergesagt werden, ermöglichen uns unsere Daten, die elektrostatische

Struktur wässriger Grenzflächen bei der jeweiligen Ionenstärke ohne vorherige Kenntnis der

Ladungsverteilung zu ermitteln, was darauf schließen lässt, dass AR-SHS auf eine Vielzahl

komplexerer Systeme angewendet werden könnte. Ähnliche Bereiche werden für TiO2-Partikel

in basischen pH-Werten und SiO2-Partikel mit 100 nm Durchmesser in Abhängigkeit von

der NaCl-Konzentration beobachtet. Die TiO2-Oberfläche weist eine stärkere Affinität für

Na+-Ionen auf als SiO2.

Des Weiteren werden ionenspezifische Effekte an der kolloidalen wässrigen Grenzfläche von

SiO2 und amorphem TiO2 untersucht. Die Zugabe von NaCl, RbCl oder CaCl2 in die wässrige

Umgebung führt zu relativen Unterschieden im Oberflächenpotenzial und in der Entwick-

lung des H-Bindungsnetzwerks an der Grenzfläche in Abhängigkeit von der Ionenstärke. Die

relativen Abweichungen in Abhängigkeit von der Ionenstärke zeigen oberflächen- und katio-

nenspezifische Präferenzen für die Adsorption von vollständig oder teilweise dehydrierten

Ionen (engl. inner-sphere) oder durch eine Wasserschicht von der Oberfläche getrennte Ionen

(engl. outer-sphere).

Schließlich zeigen wir, dass AR-SHS-Messungen unter verschiedenen pH-Bedingungen zur

Bestimmung der pKas von Anatase TiO2-Partikeln mit 100 nm Durchmesser verwendet wer-

den können. Unsere Daten zeigen eine Korrelation zwischen der Änderung der Orientierung

der Grenzflächenwassermoleküle und den pKas der TiO2-Oberflächengruppen. Diese Arbeit

zeigt, dass AR-SHS ein leistungsfähiges Werkzeug ist, um die EDL-Struktur von kolloidalen

Oxidpartikeln offenzulegen und so zu einem besseren Verständnis von Grenzflächenprozessen

beizutragen, die für eine Vielzahl von (photo-)katalytischen Anwendungen wichtig sind.

Schlüsselwörter: Wässrige Fest-Flüssig-Grenzflächen, Oxide, Kolloide, elektrische Doppelschicht,

Oberflächenpotential, molekulare Orientierung, Ionenadsorption, nichtlineare Optik, Erzeugung der

zweiten Harmonischen, Lichtstreuung.
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Resumé

Les applications photocatalytiques jouent un rôle essentiel dans la recherche de sources

d’énergie alternatives avec émission de CO2 réduite et de techniques de décontamination

environnementale. Les oxydes métalliques sont souvent considérés dans les applications

photocatalytiques en raison de leurs propriétés photocatalytiques généralement favorables

et de leur stabilité lorsqu’ils sont utilisés dans des solutions aqueuses. Ces dernières années,

une attention accrue a été portée aux systèmes de taille nanométrique de ces mêmes maté-

riaux, car ils présentent des caractéristiques optiques et électriques particulières par rapport

à celles de ces mêmes matériaux à l’échelle micro ou macroscopique, qui peuvent avoir un

impact positif sur la performance photocatalytique. En particulier, les nanoparticules sont un

système intéressant à étudier dans ce contexte, car elles peuvent facilement être fabriquées

sur mesure ou modifiées pour une application particulière. Outre la nécessité de trouver des

matériaux photocatalytiques plus adaptés, il est d’un intérêt fondamental de comprendre

au niveau moléculaire l’interface aqueuse solide/liquide, où se produisent les réactions pho-

tocatalytiques, afin d’améliorer l’efficacité de la réaction. La charge de surface, la diffusion

ionique et l’adsorption sont autant d’éléments qui peuvent avoir un impact significatif sur les

vitesses de réaction et, dans le cas des nanoparticules, sur la stabilité colloïdale. Cependant,

peu de techniques expérimentales sont capables de sonder la double couche électrique (angl.

electrical double layer (EDL)) et ses propriétés particulières, notamment lorsqu’il s’agit de

nanoparticules colloïdales directement dispersées en solution.

Dans cette thèse, nous appliquons la diffusion polarimétrique résolue en angle de la seconde

harmonique (angl. angle-resolved second harmonic scattering (AR-SHS)) pour étudier l’EDL

des particules d’oxyde colloïdal en milieu aqueux. Nous montrons d’abord l’applicabilité de

l’AR-SHS sur un oxyde isolant bien connu, la silice (SiO2). Nous étudions ensuite le dioxyde de

titane (TiO2), un oxyde métallique qui a été largement étudié pour des applications photocata-

lytiques au cours des cinq dernières décennies en raison de sa grande stabilité et de son faible

coût. Les deux oxydes sont ensuite comparés. Nous montrons qu’à partir de nos mesures

spécifiques de surface par l’optique non-linéaire, nous pouvons extraire le potentiel de surface

des particules d’oxyde par rapport au reste de la solution et la susceptibilité de surface, comme

mesure de l’orientation moléculaire interfaciale. Ceci peut être réalisé sans supposer une

distribution de charge spécifique dans la double couche électrique, et donc sans employer un

modèle tel que le modèle de Gouy-Chapman ou le modèle de Gouy-Chapman-Stern. Grâce

aux mesures de mobilité électrophorétique, nous obtenons en outre le potentiel zêta des
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particules par rapport au potentiel de surface issu des mesures AR-SHS. Connaître le potentiel

de surface, la susceptibilité de surface et le potentiel zêta nous permet d’établir une image au

niveau moléculaire de l’interface particule d’oxyde/liquide en fonction de la force ionique et

du pH.

Premièrement, nous apportons la preuve qu’une couche condensée d’ions hydratés se forme à

l’interface aqueuse du SiO2 amorphe de 300 nm de diamètre dans des conditions de pH élevé

et à des concentrations élevées de NaCl (≥1 mM). Le calcul des valeurs de densité de charge

de surface basé sur nos valeurs de potentiel de surface mesurées et utilisant les modèles de

Gouy-Chapman et Gouy-Chapman-Stern sont en bon accord.

Ensuite, nous étudions l’EDL des particules de TiO2 amorphe de 100 nm de diamètre en fonc-

tion de la concentration en NaCl et du pH basique. Trois régions différentes en fonction de la

force ionique peuvent être identifiées. Ces trois régions nous permettent de distinguer trois

phénomènes avec l’augmentation de la force ionique. Tout d’abord, l’adsorption des ions

en sphère interne (angl. inner-sphere) aux concentrations les plus faibles, puis la formation

d’une couche diffuse de contre-ions et enfin, l’accumulation de contre-ions hydratés près

de l’interface. Alors que tous ces phénomènes sont prédits par les modèles électrostatiques

courants, nos données nous permettent de retrouver la structure électrostatique des interfaces

aqueuses à chaque force ionique sans connaissance à priori de la distribution des charges, ce

qui suggère que l’AR-SHS pourrait être appliquée à une variété de systèmes plus complexes.

Des régions similaires sont observées pour les particules de TiO2 en pH basique et les parti-

cules de SiO2 de 100 nm de diamètre en fonction de la concentration en NaCl. On constate

que la surface du TiO2 a une affinité plus forte pour les ions Na+ que celle du SiO2.

Nous évaluons également les effets spécifiques des ions à l’interface aqueuse colloïdale du

SiO2 et du TiO2 amorphe. L’ajout de NaCl, RbCl ou CaCl2 à l’environnement aqueux entraîne

des différences relatives du potentiel de surface et de l’évolution du réseau interfacial de

liaisons H en fonction de la force ionique. Les variations relatives en fonction de la force

ionique révèlent des préférences spécifiques à la surface et aux cations pour l’adsorption en

sphère interne (angl. inner-sphere) et externe (angl. outer-sphere).

Enfin, nous démontrons que les mesures AR-SHS dans différentes conditions de pH peuvent

être utilisées pour déterminer les pKas de particules de TiO2 anatase de 100 nm de diamètre.

Nos données révèlent une corrélation entre le changement d’orientation des molécules d’eau

interfaciale et les pKas des groupes de surface du TiO2. Ce travail montre que l’AR-SHS est un

outil puissant pour découvrir la structure EDL des particules d’oxyde colloïdal, contribuant

ainsi à une meilleure compréhension des processus interfaciaux importants pour une variété

d’applications (photo-)catalytiques.

Mots-clés : interfaces solides/liquides aqueuses, oxydes, colloïdes, double couche électrique,

potentiel de surface, orientation moléculaire, adsorption d’ions, optique non linéaire, généra-

tion de seconde harmonique, diffusion de la lumière
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1 Introduction

1.1 Photocatalytic reactions at aqueous interfaces

In a photocatalytic process, a chemical reaction is accelerated through the absorption of light

in a catalyst material. Some of those reactions would be difficult, if not impossible, to carry out

in the dark. Photocatalytic reactions become increasingly important in our everyday life. For

instance, photocatalysis emerged as promising technology in the context of environmental

and energy applications for water decontamination, hydrogen production and the treatment

of air pollutants. Moreover, some photocatalytic reactions promote favorable self-cleaning

effects that are relevant for the production of industrial coatings, paints, textiles and glass with

self-cleaning properties. In particular, heterogeneous photocatalysis at aqueous solid/liquid

interfaces has proven useful for industrially relevant chemical transformations and became a

key element in the present research challenge to find new methods that guarantee a safe and

sustainable future energy supply. In this context, increasing attention has been drawn to solar

fuels as an alternative to the depleting fossil fuels. Solar fuels represent a clean, CO2 emission-

free way to generate energy with the main advantage that the energy sources can be stored prior

to usage, which is not the case for solar power using photovoltaics. Photo(electro)catalysis

offers the possibility to produce solar fuels. As an example, in a photoelectrochemical cell

(PEC) the principle of artificial photosynthesis is used to split water (H2O) into O2 and the

chemical fuel H2. The oxygen evolution reaction (OER) takes place at the anode/electrolyte

interface and the hydrogen evolution reaction (HER) at the cathode/electrolyte interface

respectively. It is the subject of ongoing research to realise highly efficient, low-cost water-

splitting devices. Note that in this thesis we use photocatalysis as a general term to encompass

all catalytic processes driven by light, including photoelectrocatalysis.

1.2 Engineering suitable photocatalyst materials - the case of TiO2

One major goal is to find appropriate materials to increase the photocatalytic efficiency of

interfacial chemical reactions to produce solar fuels. Amongst others, metal oxide materials
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have emerged as promising candidates due to their suitable electronic properties for water-

splitting and their stability in aqueous environments. Another major advantage of metal

oxides is that they are naturally abundant and economically competitive in their synthesis.

As the functional properties of metal oxides are largely dependent on the crystal structure,

composition, doping and intrinsic defect level, their mechanical, electrical, chemical and

optical properties can be tailored in the manufacturing process [1–4]. This tunability of metal

oxides offers great assets for a variety of photocatalytic applications, thus explaining the

ongoing interest in further developing and understanding these materials.

In the context of finding suitable materials for photocatalytic hydrogen production, the transi-

tion metal oxide titanium dioxide (TiO2) is a widely investigated material and model system

since it exhibits a generally favorable photocatalytic activity [5]. The first solar water-splitting

cell was reported in Nature by Fujishima and Honda in 1972 [6] and used the n-type semi-

conductor TiO2 as electrode material. Nevertheless, the overall performance of TiO2 in the

OER reaction is still limited, because the catalytic activity at the surface and the electronic

transport are generally poor. Recombination processes of excited charge carriers and kinetic

overpotentials cause the OER reaction to be inefficient. Furthermore, TiO2 is a wide band gap

semiconductor (band gap anatase ∼3.2 eV [1, 7, 8]). This reduces the materials absorption

capacity of solar light to the UV range. A considerable amount of research work has been done

to further improve TiO2 anodes for water-splitting applications. One approach is to sensitize

the surface of the semiconductor material with the help of dye molecules [9–12] or dopants

[13–16]. This can improve the charge carrier separation efficiency and the absorption abilities

in the visible light range.

Another important aspect to note is that the three different polymorphs of TiO2 (anatase, rutile

and brookite) are known to differ in their photocatalytic performance [1, 8, 17–22]. Despite the

slightly lower band gap of rutile (band gap rutile ∼3.0 eV [8, 17]) and thus better absorption

properties for solar light, anatase TiO2 is generally considered to be the most efficient crystal

structure for photocatalysis, compared to brookite and rutile [1, 17, 20, 21]. One of the possible

reasons for this behavior is the longer lifetime of charge carriers in anatase TiO2, which could

originate from the indirect band gap nature of anatase [17]. In comparison, rutile and brookite

appear to be direct band gap semiconductors, which could cause faster recombination of

charge carriers [17]. However, several works also pointed to the more favorable photocatalytic

properties of brookite compared to anatase and rutile [19, 23, 24]. Which material really

shows the highest catalytic performance highly depends on the experimental conditions and

is therefore still under debate amongst scientists. In order to improve the photocatalytic

activity of TiO2 materials in the OER, mixed phase materials have been put forward to com-

bine the most favorable properties of each crystal structure [25–27]. A prominent example

for mixed phase catalysts are P25 nanoparticles which are a mixture of anatase and rutile

TiO2. Some research groups also report a fraction of amorphous TiO2 in those particles [28, 29].
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1.3. The special properties of nanomaterials

1.3 The special properties of nanomaterials

Other than the intrinsic properties of the material, the specific surface structure and mor-

phology of the catalyst plays an important role for its performance in the OER. For example,

nanostructuring the surface that is exposed to the electrolyte in an electrochemical cell leads

to an extended surface area. This can increase the efficiency of the catalytic reaction by pro-

viding more reaction centres at the surface. That is why a strong research interest has emerged

around nanomaterials for photocatalytic applications in the last decades. Nanomaterials

exhibit a typical size of tens to hundreds of a nanometer (1 nm = 10−9m). Nanosized systems

display special properties compared to bulk materials due to their large surface area and thus

high surface to volume ratio. The optical and the electrical properties can differ significantly

between different types of nano-objects. In particular the size and shape of nanoparticles

strongly determines their physical and chemical properties [30–34]. The characteristics of

nanoparticles are also greatly related to the synthetic procedure [2–4]. Indeed, for instance

the solubility in water or the abilities to absorb or scatter light can exhibit large differences.

This flexibility in the properties of nanoparticles enable their taylored design for a specific

application. In the case of photocatalytic applications, one main advantage of nanoparticles

is that their surfaces are tunable through the use of dopants, ligands or dye molecules offering

a great potential to improve the materials efficiency, stability and performance. This makes

them a relevant and important system to study in the quest to develop better renewable

energy conversion and storage systems, including the ongoing research challenge to find

better materials for solar water splitting applications.

1.4 The influence of the aqueous environment

One further noteworthy point regarding the improvement of the overall OER efficiency and

other photocatalytic processes is the non-negligible role of the aqueous environment. The

composition of the electrolyte can have a major impact on catalytic surface reactions [35–41].

For instance it was observed that the photocatalytic activity is strongly pH dependent [35, 36,

39, 42]. The exact optimum environmental conditions for the OER are material specific. In

addition, the ionic strength of the aqueous environment and the type of salt can have an impact

on the photocatalytic performance [36]. More specifically, e.g. in the case of waste water

treatment, the ionic species present in the solution can have an effect on the photocatalytic

degradation of certain pollutants [43, 44]. In particular, surface charge, adsorbed ionic species

and diffusion of chemical species to the surface are all factors that can strongly influence

reaction rates and in the case of nanoparticles, the colloidal stability. In order to exploit the

promising capabilities of metal oxide materials for photocatalytic applications such as solar

water splitting or photocatalytic waste water treatment, it is therefore of fundamental interest

to understand the solid nanoparticle/liquid interface on a molecular level.

In the following we want to introduce some major properties of the nanoparticle/liquid

interface and common models describing the aqueous particle interface. Furthermore we
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give an overview of techniques that are used to study the interfacial properties of colloidal

systems in aqueous environments on a microscopic level. In this context we discuss how this

work contributes to a better understanding of nanoparticle/liquid interfaces.

1.5 The nanoparticle/liquid interface

When a charged particle is in a solution, oppositely charged ions in the solution approach

the particle surface. Figure 1.1 illustrates this phenomenon of surface charge screening for

the example of a negatively charged oxide particle surface. In this case positively charged
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Figure 1.1 – Schematic illustration of the electrical double layer (EDL) of a negatively charged
oxide particle in a solution that contains ions. Positively charged counter-cations are displayed
in green, negatively charged anions in blue.

counterions accumulate close to the interface. As a result, an electrostatic field EDC is gener-

ated between the negatively charged particle surface and the positively charged counterions.

The region where EDC is present is called the electrical double layer (EDL). It comprises the

charged particle surface and the ionic aqueous environment around the particle, screening the

surface charge. A potential ∆Φ0 decays from the particle surface into the surrounding liquid

until the imaginary boundary of the double layer where an equal distribution of positively

and negatively charged ions in the bulk liquid is reached. The ionic atmosphere around the

particle in the EDL is composed of water molecules, counterions and co-ions as displayed in

Figure 1.1. Yet the exact distribution of charges in the EDL is the subject of current research. A

complete microscopic picture of the EDL, especially in the case of colloidal systems, is difficult
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to obtain experimentally and therefore remains elusive. Current descriptions rely on the use

of simplified electrostatic models for the EDL. In the following we want to give an overview of

some of the most commonly used EDL models. A graphic illustration of those EDL models can

be found in Figure 1.2 where a negatively charged oxide surface in contact with an aqueous

solution that contains ions is displayed. The spherical particle surface is approximated by a

flat surface and no anions are shown for simplicity.

1.5.1 Helmholtz double layer

In the so-called Helmholtz double layer (Fig. 1.2 A), the surface charge screening described

above is visualized by counterions placed at a fixed distance d from the oppositely charged

surface. This distance d is often approximated by the radius of the counterions. Since the

situation of a rigid layer of ions at a fixed increment d away from the particle surface resembles

a capacitor, the Helmholtz double layer model is also referred to as constant capacitor model.

As in the case of a capacitor, the potential decays linearly between the particle surface and

the layer of ions. In this picture, the amount of negative and positive charges on each side

of the capacitor is equal. The capacitance only depends on the dielectric permittivity ε of

the medium and the distance d between the ions and the surface. The Helmholtz double

layer model was proposed in the year 1853 by Hermann von Helmholtz [45]. It is a strongly

simplified model of the EDL which assumes rigid layers of opposite charges [46]. For instance

it does not take into account changes in the surface charge density that can occur due to

ion adsorption nor changes in the aqueous environment due to diffusion of ions in solution.

Therefore it can not explain all the complex dynamic interactions that can occur in the EDL

region. To account for more dynamic interactions another model was put forward which is

explained in the next section.

1.5.2 Gouy-Chapman model

Luis Georges Gouy and David Leonard Chapman in 1910 and 1913 independently developed

an EDL model that does not speak of a constant capacitance between the charged surface

and the counterions in solution [47, 48]. The so called Gouy-Chapman (GC) model (Fig. 1.2

B) additionally considers the effect of electrical fields and thermal motion on the ions [49].

The charge distribution of ions close to a charged surface as a function of distance from

that surface can then be described by Boltzmann statistics [46, 49, 50]. In this model the

counterions are not seen as rigidly held but form a diffuse layer in the liquid phase close to the

charged surface. A distribution of positively and negatively charged mobile ions is considered

in the EDL. The interfacial potential decays exponentially between the particle surface and the

bulk liquid phase according to the Poisson-Boltzmann equation. An approximate thickness of

the EDL is given by the Debye length [51] which is a measure of the penetration depth of the

electrostatic field into the solution. In the potential landscape drawn in Figure 1.2 B, C and

D, another potential is shown, which is known as the zeta potential (ζ). ζ is the potential at

the shear plane (also referred to as slipping plane) of the particle with respect to bulk liquid.
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This plane marks the boundary between the hydrated ions and water molecules moving with

the particle when an electric field is applied and the rest of the solution. A more detailed

explanation of the zeta potential is given in section 2.4.2. The zeta potential is an important

and frequently used tool for the characterization of charged interfaces. This is why we show

it in Figure 1.2 B, C and D together with the surface potential, even though it is not included

in the traditional description of the presented EDL models. In the GC model the ions are

considered as point charges thus not experiencing any physical limit to approach the surface

[52]. In general the GC model is considered to be a good description of the EDL in the limit of

low ion concentrations and small excess charge densities [50].

1.5.3 Gouy-Chapman Stern model

In order to account for the physical limits of ion approach to the surface, Otto Stern modified

the Gouy-Chapman model. He proposed in 1924 to combine the concepts of the Helmholtz

and the Gouy-Chapman model [53]. In the so-called Gouy-Chapman-Stern (GCS) model (Fig.

1.2 C) an almost immobile Stern and a mobile diffuse layer are considered [51]. Within the

Stern layer, the ions are seen as objects with a finite size thus restricting their approach to the

charged surface. A part of the ions are therefore accumulating close to the surface at a distance

of a few angstroms to a few nanometers. This distance between the surface and the Stern plane

is often approximated to the radius of the ions [46]. Inside the Stern layer the potential decays

linearly. According to the Gouy-Chapman-Stern model, the remaining ions form a diffuse

layer. In this region between the Stern layer and the bulk liquid, where anions and cations

are distributed equally, the potential decays exponentially. The overall surface potentialΦ0

is composed of the potential drop in the Stern and in the diffuse layer (∆φdrop
Stern +∆φdrop

diffuse).

In the practical use of the GCS model, the slipping plane is often approximated to the Stern

plane for simplicity. The GCS model comes with its own limitations. Like in the GC model, the

ions in the diffuse layer of the GCS model are treated as point charges. In addition, the GCS

model does not account for all kinds of intermolecular diffuse layer interactions nor the direct

adsorption of partially or fully dehydrated ions to the surface. It therefore remains a simplified

model of the EDL. Despite these limitations, the GCS model is in general accepted as a good

description for highly charged EDLs. For the limit case of very high salt concentrations, the

GCS model becomes similar to the Helmholtz double layer model.

1.5.4 Grahame model and other electrical double layer (EDL) descriptions

In 1947, David C. Grahame proposed a modification of the Gouy-Chapman-Stern model in

order to take into consideration that ions can not only adsorb at the surface with their intact

hydration shells but that they can penetrate the Stern plane to specifically adsorb at the surface

[54]. This process implies a full or partial loss of the ion’s hydration shell. Such a direct ion

adsorption is also termed „inner-sphere“adsorption. Two inner-sphere adsorbed ions are

schematically displayed in Figure 1.2 D. Grahame proposed the concept of an Inner-Helmholtz

plane which passes through the centres of those specifically adsorbed ions. In this picture,
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Figure 1.2 – Schematic illustration of the electrical double layer (EDL) in (A) the Helmholtz, (B)
the Gouy-Chapman (GC), (C) the Gouy-Chapman-Stern (GCS) and (D) the Grahame model. A
negatively charged particle surface in a solution that contains ions is displayed. The particle
surface is approximated by a flat surface. Positively charged counter-cations are shown in
green. No anions are shown for simplicity. The potential is plotted over the distance from
the surface. The ζ potential is the potential at the shear plane, also referred to as slipping
plane, of the particle with respect to bulk liquid. The surface potential Φ0 is the potential
difference between the particle surface (φsurface) and bulk liquid (φbulk). φStern is the potential
at the Stern plane. Within the Helmholtz and the Stern layer, a steep linear potential drop
is expected, whereas an exponential decay of the potential within the diffuse layer region is
expected according to the GC or GCS model. In the illustration of the Grahame model, the ion
hydration shells are indicated as darker blue regions around the ions. Through the center of
the inner-sphere adsorbed ions at the surface passes the Inner Helmholtz Plane (IHP), and
through the center of the outer-sphere adsorbed ions passes the Outer Helmholtz Plane (OHP).
The latter is comparable to the Stern plane.

an Outer-Helmholtz plane passes through the centres of ions that undergo solvent-separated

adsorption. This Outer-Helmholtz plane is similar to the Stern plane. Solvent-separated

adsorption is also referred to as „outer-sphere“adsorption. Like in the Gouy-Chapman-Stern

case, a diffuse layer is envisioned starting from the Outer-Helmholtz plane and extending to

the bulk liquid where an even distribution of positive and negative charges is reached.
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In the past years, many other models describing the EDL properties were put forward [55,

56]. All of them were aiming for a more accurate representation of physical and chemical

phenomena occuring in the EDL. As an example, Brockris et al. [55] included the behavior of

solvent molecules close to the charged surface into their EDL model. The authors considered

the effect of the electrostatic field on the solvent molecular orientation inside the Stern layer.

The different orientations of solvent molecules in specific EDL regions, e.g. in the IHP and

OHP, can cause variations of the dielectric permittivity inside the EDL [51]. Another, more

pragmatic approach is to separate two regions of different permittivity in the EDL confined by

the Stern and the diffuse layer region [57, 58].

It appears that the charge distribution and the dynamic molecular interactions in the EDL

are difficult to describe in their full complexity by the aforementioned models. In particular,

the effect of a change in the interfacial electrostatics on photocatalytic reaction mechanisms

remains poorly understood. Therefore it is of high importance to find suitable model systems

and experimental techniques to unravel the complex mechanistic details of the EDL.

1.6 SiO2 as a model system

One model system that is often used in the context of exploring the convoluted structure of

the EDL is silica (SiO2) [41, 59–64]. Because this material is an insulating oxide, with a wide

band gap of ∼ 9 eV [65], no absorption of light in the visible range is expected. Compared to

semiconductor materials as they are often used for photocatalysis, no light-induced charge

transfer reactions from the solid to the liquid phase or vice versa needs to be taken into

account. This makes silica a relatively simple oxide material which additionally scores points

due to its natural abundance and the advantage of being producible in a relatively controlled

manner on a larger scale. As SiO2 possesses the same potential-determining ions at its surface

with regard to the metal oxide TiO2, it can serve as an excellent comparison to this or other

photocatalytic materials. In this regard, a deeper understanding of the SiO2/aqueous interface

can help to deconvolute the complexity of other metal oxide/liquid interfaces.

In catalytic experiments, SiO2 can be used as a support material for metal- or metal oxide-

catalysts [66]. In general reducible oxides are considered to be catalytically active, whereas

irreducible oxides are considered to be inert supports. Used as support material for metal-

or metal oxide- catalysts, the irreducible oxide material SiO2 shows a lower metal-support

interaction compared to reducible oxides like TiO2 [67, 68]. This behavior can be strategically

used or customized in order to tune the catalytic activity for a specific application.

1.7 Experimental techniques to study the EDL of colloids

It remains difficult to investigate the solid/liquid interface at a molecular level [69, 70]. In the

following we want to give an overview of some techniques that are commonly used to access

different characteristics of the EDL. First of all, one needs to distinguish between studies
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1.7. Experimental techniques to study the EDL of colloids

on flat surfaces vs particles. For flat surfaces, there are several well-established techniques

to probe the molecular properties of the solid/liquid interface [69]. However here we want

to solely focus on techniques that can be used to study the EDL of particles in an aqueous

solution since those are the main focus of this thesis. In the case of nanoparticles, probing

their liquid interface remains a challenge. Not many experimental techniques are able to

access the molecular structure of their EDL or can only probe part of the complex structure of

the EDL.

One method that is often employed for nanoparticles measures the electrophoretic mobility.

A more detailed description of this technique and how it was used in this thesis can be found

in chapter 2.4.2. In electrophoretic mobility measurements, an electric field is applied to the

particle suspension, so that the charged particles move to the electrode of opposite charge.

The velocity at which they move can be related to the ζ-potential, which was introduced earlier

in this chapter. However this technique only provides information about the potential a few

nanometers away from the surface [57, 71, 72] and does not provide information about the

whole potential landscape around the particles. Yet it is a useful tool to get information on

the stability of particles and can serve as a valuable addition to more direct surface charge or

surface potential measurements.

To measure directly surface charge densities, a common method is acid-base potentiometric

titration [73–78], where an initially acidic colloidal suspension is titrated with a base, or the

other way around. In this case the potential-determining ions H+ or OH− at the colloidal

surface are consumed by the addition of base or acid. The initial surface charge density is

related to the net uptake or release of H+ or OH−. This uptake or release can be related to

the added concentration of the titrant while additionally taking into account the volume of

the titrant in a solution that does not contain particles. To determine the surface charge, the

specific surface area of the solid, the mass concentration of the solid and the volume of the

solution need to be known [73]. In general potentiometric titrations require a high amount of

sample (in the order of hundreds of miligrams). Since the surface charge is obtained through

the uptake or release of ionic species to or from the surface, this technique is specifically

sensitive to acid or base impurities of the sample. It also assumes that the sample is non-

porous and that the ions only adsorb at the particle surface. This is why the surface charge

as obtained from potentiometric titrations can be regarded as an upper limit for the surface

charge but does not represent the exact surface charge of the particles [73, 79–81].

A more direct measure of the electrostatic environment around charged particles in a solution

is the surface potential. A common method to study solid/air or solid/vacuum interfacial

potentials on planar surfaces is Kelvin probe force microscopy (KPFM), which is a form of

contactless atomic force microscopy (AFM) [82–84]. In this case, a conducting metal tip is used

to scan the solid material surface and the work function difference between the two is defined

as the surface potential. One major advantage of this technique is its high lateral resolution

whereas many other techniques usually provide spacially averaged information on interfacial

surface properties [84, 85]. However, probing the solid/liquid interface with KPFM comes with

major practical challenges [85–87]. Complex diffuse charge dynamics in a broad spectrum of

timescales in ionically active aqueous environments complicate the establishment of suitable
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KPFM, or more broadly, AFM based techniques [86–90]. For instance, traditional measurement

methods that are well established for operation in ambiant or vacuum conditions can exhibit

limitations for a clean detection of the liquid response [86, 90]. In addition, the detected

response can be distorted by electrochemical reactions at the Kelvin probe electrode or bubble

formation at the sampling tip [90]. The occurrence of those phenomena is highly dependent

on the investigated material and the molarity of the aqueous environment which sets limits for

the conditions of a specific experiment [85, 90]. Amongst others, disturbing parasitic currents

between the probing tip and the sample electrode originating from the (partially) conducting

liquid medium where reported [90]. One can conclude that overall it remains challenging

to apply KPFM and AFM based methods for surface potential measurements in aqueous

environments [90]. It is particularly difficult to apply KPFM to nanoparticles in a solution. A

recent study has shown that KPFM combined with a graphene-capped electrolytic cell can

be used to quantitatively study the potential drop across the EDL in aqueous environments

in decimolar and molar electrolyte concentrations [85]. In the same work, the authors apply

KPFM to alumina nanoparticles attached to a monolayer graphene membrane. It must be

noted that in order to study colloids, usually a support material is needed or the spherical

particles are attached to the cantilever directly [91–93].

Another method that allows the study of the surface potential of colloidal particles in aqueous

environments is X-ray photoelectron spectroscopy (XPS). In a recently developed experiment,

particles are investigated in a liquid microjet, which delivers a free-flowing suspension of

colloids that is placed in the beam path of a synchrotron radiation source [94–98]. In liquid-

microjet XPS, the surface potential is obtained from the binding energy difference between

electrons on deeper electronic levels of the material taken at the solution pH of the point of

zero charge (PZC) and at a particular salt concentration of the aqueous environment, both

divided by the elementary charge. For instance for silica particles one detects photoelectrons

from the Si 2p shell. Since the colloidal suspension can not be measured at the point of

zero charge directly, the corresponding binding energy is inferred from an extrapolation of

measurements performed in different pH conditions and at a constant ionic strength [94].

The authors argue that any uncertainty in the interpolation of the point of zero charge will

have a minor influence on their absolute surface potential values given that the surface charge

density or surface potential are negligible in the pH window around the PZC [94]. For small-

sized particles (< 10 nm) and at high ionic strength, in a regime where a Stern layer is present,

this method allows to get valuable insights into the EDL of colloids. However, liquid-jet XPS

experiments can be particularly challenging to conduct on nanoparticle suspensions in lower

ionic strength conditions due to the low signal-to-noise ratio. Another aspect is that millimolar

salt concentrations are needed to reduce photoionization charging effects [99] thus preventing

the investigation of colloidal aqueous interfaces at lower salt concentrations. In order to shed

light on interfacial processes occuring in the lower ionic strength regime and to complete

our understanding of the EDL of colloidal particles over a broad ionic strength range, there

is the need for new techniques that are applicable in low salt environments. In particular,

setups that can work in ambient conditions and that do not require vacuum conditions or

synchrotron facilities are of high interest.
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1.8. Previous work on second harmonic scattering from colloids

Second-order nonlinear optical techniques are suitable to study processes at surfaces and

interfaces of centrosymmetric systems due to the fact that second harmonic generation (SHG)

is forbidden in centrosymmetric structures and therefore the signal arises only from the non-

centrosymmetric regions at the interface [100–104]. A more complete description of the origin

of the second harmonic signal is given in chapter 2.2. Indeed, nonlinear optical techniques

such as second harmonic generation (SHG) and sum-frequency generation (SFG) have proved

to be particularly applicable for the investigation of both flat and curved solid/liquid interfaces

[105–109]. One major advantage of second-order nonlinear optical techniques compared to

other methods is that they are relatively low cost and non-invasive. Those methods allow the

study of solid materials but also living biological systems in aqueous environments without

destroying their structure and functionality [110–112]. In recent years second harmonic scat-

tering techniques have emerged as promising tools for the study of surface potentials and

interfacial water order at the colloidal particle/liquid interface [113–116], especially, but not

exclusively, in the low ionic strength regime. In the following we want to give a brief historical

overview of previous work on second harmonic scattering and its potential to help decipher

the EDL structure of particles dispersed in an aqueous solution.

1.8 Previous work on second harmonic scattering from colloids

Nonlinear, second-order scattering was firstly used to obtain information about the surface

chemistry of particles in liquids by the Eisenthal group [117]. The same group later applied

their second harmonic scattering (SHS) technique to study an interfacial charge-transfer

complex (dye sensitization) on TiO2 particles in an aqueous suspension [118]. Note that the

original technique was set up to measure in the forward scattering direction only, therefore

not containing any angular information.

With the aim to get deeper insights into the surface properties of various kinds of materials

and interfaces, the SHS theory and experimental techniques have been further developed over

the years. In 2001, Yang et al. [119] were the first to measure resonant angular-resolved second

harmonic scattering (AR-SHS) patterns from polystyrene colloids with surface-adsorbed

malachite green in water. The angular dependent scattering holds information on the physical

and chemical processes in the medium and the size and shape of the particles [119–124]. In

2010, the development of a non-resonant AR-SHS technique was demonstrated on uncoated

polystyrene particles in an aqueous suspension [115]. In this case, the SH signal originates

from oriented water molecules at the particle interface [115]. A more detailed definition of

resonant vs nonresonant SHG is given in section 2.2.

To theoretically describe nonlinear light scattering several different approximations have

been used, such as the Rayleigh-Gans-Debye (RGD) approximation [119, 125–130], the small

particle (electrostatic) limit [127, 130–132], and the small index contrast (Wentzel-Kramers-

Brillouin (WKB)) limit [127, 133]. As a more exact theoretical model for scattering from

spheres, nonlinear Mie-theory (NLM) has been proposed [115, 134, 135]. In 2004, Roke et

al. [127] introduced the concept of effective particle susceptibility, making use of symmetry

11



Chapter 1. Introduction

relations that facilitate the theoretical treatment of nonlinear optical scattering. This approach

enables the prediction of the allowed and forbidden polarization combinations (selection

rules) considering the surface and bulk symmetries of the scatterers as well as the experimental

geometries. In this context, second-order and effective third-order susceptibilities can be

distinguished. These quantities describe the local non-linear response of the medium to the

incoming electromagnetic fields (second-order) and additionally a static electromagnetic

field EDC present in the medium (effective third-order) that is generated between the ions in

solution and a charged surface (see chapter 2.3.1 for a more detailed explanation). It has been

shown by de Beer et al. [136] that second-order and effective third-order scattering effects,

represented by the effective particle susceptibilities, can be separated, due to their specific

contribution to the angular radiation patterns.

These theoretical developments laid the foundation to applying second-harmonic nonlinear

optical methods for surface potential determination at the colloidal aqueous interface. It was

already proposed by Ong et al. in 1992 that SHG can be used to measure the surface potential at

planar solid/liquid interfaces [137]. Ong et al. investigated a planar fused silica/water interface

in reflection mode and reported absolute values for the surface potential (potential between a

charged surface with respect to bulk water) at different pHs. The authors measured the SH

field when the static field EDC is zero (at the isoelectric point, when the surface is uncharged)

in order to separate the second-order and effective third-order scattering contribution, which

then allows for the determination of the surface potential. A first attempt to apply this idea

to particles in a solution was undertaken by Yan et al. [138]. The authors measured SHG

of polystrene sulfate spheres in the forward scattering direction and extracted the surface

potential by fitting their data to the Gouy-Chapman model, approximating the curved surface

of their microscopic particles (diameter ∼ 1µm) to a planar surface.

As another important contribution to the SHS theory, it was shown by Gonella et al. [113]

(Roke group) that the SHG from aqueous interfaces is modulated by interference. This effect is

caused by reoriented water molecules affected by the presence of the surface electrostatic field

EDC. It is strong for aqueous environments with an ionic strength < 10−3 M [113]. Gonella et al.

pointed out that a broader range of parameters can be varied measuring SHS from particles

compared to SHG from planar surfaces in reflection or transmission mode. In particular

the polarization state of light strongly influences the shape of the angle-resolved patterns

[113, 139]. The authors highlight that measuring AR-SHS in two independent polarisation

combinations allows the determination of absolute values for the surface potentialΦ0 and the

remaining nonzero susceptibility element χ(2)
s,2 [113, 114]. The latter is a measure of surface

molecular orientation. By fitting the AR-SHS patterns with a procedure that takes into account

this SHS theory for spherical particles as it is described in Gonella et al. [113], and using the

knowledge that second-order and effective third-order scattering effects can be separated

[136], the surface potential Φ0 can be extracted without making assumptions on the exact

structure of the EDL [113, 114]. Thus, the charge distribution close to the interface does

not need to be known to obtain Φ0. The fitting procedure is described in more detail in

Luetgebaucks et al. [114] and in chapter 2.3.1. These recent developments opened up new

ways to study the EDL of colloidal particles in suspension.

12



1.9. This thesis

1.9 This thesis

The high throughput nonresonant AR-SHS technique developed in the Roke lab [116] has so

far been used to investigate oil droplets, liposomes, lipids and other biological samples [113,

114, 140, 141]. In this work we apply AR-SHS for the first time to solid oxide particles in a

solution. As a starting point we chose to investigate SiO2, a material which is often studied as

a representative for other oxide/liquid interfaces. The second material of choice investigated

in this study is TiO2, a common model metal oxide for photocatalytic applications. In the case

of TiO2 we probe amorphous but also crystalline particles, such as anatase, which is the most

commonly used crystal structure for water-splitting applications as it is considered to have a

higher photocatalytic activity than rutile TiO2 [1, 17, 20, 21, 142]. Colloids of 100 nm to 300 nm

diameter size of both materials in aqueous solutions are measured using AR-SHS. Due to the

size range of the investigated particles, i. e. nanosized particles, the terms colloid, particle and

nanoparticle are often used interchangeably throughout this thesis.

We systematically vary pH and salt concentration to modify the surface charge density and

the structure of the EDL. By measuring AR-SHS we extract the surface potential Φ0 and the

surface susceptibility element χ(2)
s,2, as two unique parameters. This allows us to get deeper

insights into how the EDL properties are changing as a function of pH and ionic strength. The

point of zero charge (PZC) of TiO2 is reported to be in between pH 3.8 and pH 6 [143–145]

and depends on the crystalline phase. At this point we expect the surface charge density to

change from positive (protonated hydroxy groups) for pH < PZC to negative (deprotonated

hydroxy groups) for pH > PZC. In the course of this thesis, we investigate how modifications of

the surface charge density or simply of the aqueous environment influence the orientation of

the water molecules in the EDL as well as the surface potential. We gain valuable insights into

material specific interfacial processes such as ion adsorption, the formation of a condensed

layer of charges or diffuse layer formation. We specifically address changes occuring in low

ionic strength environments that are difficult to access with other techniques. We further

compare our findings with common models that are used to describe the EDL such as the

Gouy-Chapman and the Gouy-Chapman Stern model.

In addition we investigate ion-specific effects occuring at the SiO2 and TiO2 aqueous interface.

We analyze the effect of different salts on the two surfaces, in particular their surface potentials

and interfacial water orientation. We uncover how different ion sizes, different ion charge

(monovalent vs divalent) and their hydration shells and hydration energies play into the

formation of the EDL under a variation of the ionic strength. Since the EDL properties have a

major impact on the stability of colloidal systems in general, we expect this work to be of high

interest with regard to a broad variety of applications. In particular it contributes to a better

understanding of the electrostatic structure of the liquid interface around metal oxide colloids

for photocatalytic applications.
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Chapter 1. Introduction

This thesis is organized in six chapters as follows:

• Chapter 2 contains a general introduction to nonlinear optical effects and second

harmonic generation. An in-depth description of the polarimetric AR-SHS technique

and complementary methods, such as dynamic light scattering and electrophoretic

mobility measurements used to study colloidal particles in suspension is provided. The

general sample preparation and characterization procedure is explained. More specific

experimental details can be found in the Materials and Methods section of each chapter.

• In Chapter 3 we apply AR-SHS to 300 nm SiO2 particles in solutions of different NaCl

concentrations and in various pH conditions. We extract the surface potential and

second-order surface susceptibility and show that a condensed layer of ions is formed

in the high pH case and at higher NaCl concentrations (≥1 mM). From surface po-

tential values we compute the surface charge densities using the Gouy-Chapman and

Gouy-Chapman-Stern models. Molecular dynamics (MD) simulations confirm the

experimental trends.

• In Chapter 4 we study the surface potential and surface susceptibility as obtained

from AR-SHS measurements of 100 nm TiO2 particles in different basic pH and ionic

strength conditions. We find three regions of different behavior with increasing NaCl

concentration: inner-sphere adsorption, diffuse layer and condensed layer formation.

Similar regions of behavior are observed for 100 nm SiO2 particles. In comparison the

TiO2 interface has a higher affinity for Na+ ions, which we further confirm with MD

simulations.

• In Chapter 5 we discuss ion-specific effects at the SiO2 and TiO2 nanoparticle/aqueous

interface. We apply AR-SHS to 100 nm particles in different salts: NaCl, RbCl and

CaCl2; and determine the surface potential and second-order surface susceptibility.

Relative differences as a function of ionic strength demonstrate cation- and surface-

specific preferences for inner- vs outer-sphere adsorption. MD simulations support the

experimental conclusions.

• In Chapter 6 we quantify the pKas of 100 nm anatase TiO2 particles by employing

AR-SHS measurements at different pH conditions. The surface potential and surface

susceptibility together with the zeta potential are used to capture the EDL structure as a

function of pH clearly indicating a relationship between the change in orientation of

surface water molecules and the pKas of anatase TiO2.

• Chapter 7 contains a summary of the results presented in this thesis and an outlook

highlighting opportunities for future work.
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2 Theoretical background, methods and
experimental details

2.1 Nonlinear optical effects

Nonlinear optical effects arise from the nonlinear polarizability of a material in the presence

of an intense electric field. When an electromagnetic wave of sufficiently high power interacts

with a medium it can distort the electron clouds of the atoms present in the medium. These

induced charge oscillations generate molecular dipole moments p in the molecule i which

can be expressed as

pi =β(1) ·E+ 1

2!
β(2) : EE+ 1

3!
β(3) ... EEE+ ... (2.1)

whereβ(1), β(2) andβ(3) are the first-, second-, and third-order hyperpolarizability, respectively

[146]. While the first-order hyperpolarizability term describes the induced dipole moment

that is linearly dependent on the electromagnetic field E, the remaining higher-order terms

describe the nonlinear molecular polarization only occuring at higher field strengths. The

hyperpolarizabilities are molecule-specific properties that are highly dependent on the molec-

ular symmetry, the bonding characteristics and the electron charge distribution. A molecule’s

ability to undergo second- and third-order nonlinear optical effects is given by the magnitudes

of β(2) and β(3), respectively. The molecular polarizabilities can be related to the macroscopic

polarization P by

P = N〈pi 〉 (2.2)

where 〈pi 〉 is the sum of induced molecular dipoles per unit volume and N is the number

of molecules. The nonlinear macroscopic polarization of a material arising as a result of an

interaction with a strong electromagnetic field is defined as

P = ε0

[
χ(1) ·E+χ(2) : EE+χ(3) ... EEE+ ...

]
. (2.3)

In this expression, ε0 is the vacuum permittivity and χ(1) is the linear susceptibility that

corresponds to the macroscopic polarization of the medium at low E-field intensity. χ(2)

and χ(3) are the second- and third-order susceptibility tensors describing the macroscopic

nonlinear optical properties of the material as a response to the strong incoming E-field.
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Chapter 2. Theoretical background, methods and experimental details

2.2 Second harmonic generation (SHG)

In a second harmonic generation (SHG) process, two photons of the same frequency ω in-

teract with a medium and generate a new photon with twice the frequency 2ω. This process

can be resonant or nonresonant with the energy levels of the molecules in the medium. In

resonant SHG a molecule is excited from the ground state to a molecular state. In this case,

the incoming frequency ω or the newly generated sum frequency 2ω is close to a molecular

energy state [110, 147, 148]. If a second harmonic generation process is nonresonant, none

of the involved frequencies coincides with energy level differences of the molecule and the

molecule is excited from the ground state to a virtual state. Figure 2.1 schematically illustrates

resonant and nonresonant SHG. As a consequence of the characteristic energy level positions

A B

GS

ES

2ω
ω

ω

resonant SHG

1

GS

VS

2ω
ω

ω

nonresonant SHG

1

Figure 2.1 – Schematic illustration of resonant and nonresonant SHG. Two photons of fre-
quency ω excite a molecule from the groundstate GS (A) to a molecular energy state ES
(resonant SHG) (B) to a virtual state VS (nonresonant SHG) leading to the emission of a second
harmonic photon with twice the frequency 2ω

of a specific molecule, a resonant SHG experiment is sensitive to the chemical nature of the

sample. It can be used to probe these characteristic energy transitions which represent a

molecular fingerprint of the studied material. When the frequency ω or 2ω are in resonance

with molecular energy levels the second harmonic signal is enhanced. In contrast, the signal

in a nonresonant SHG experiment is less intense since it is not exciting any molecular states.

It is possible to carry out SHG experiments in different geometries. SHG can be performed

on planar surfaces in reflection mode (Fig. 2.2 A) or in a scattering configuration (Fig. 2.2

B). The latter is particularly suitable to investigate objects with curved surfaces, such as e.g.

colloids, since this technique is not bound to planar sample geometries. That is why second

harmonic scattering (SHS) is primarily used to study particles or droplets in a solution. It can

additionally be employed to investigate bulk liquids.

SHG experiments are known to be particularly surface sensitive, which allows to study interfa-

cial properties that are difficult to access by other techniques. This is possible because the

SHG process is forbidden in the bulk of centrosymmetric media due to symmetry selection

rules that apply to the second order susceptibility tensor χ(2). As a consequence, SHG occurs
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2.2. Second harmonic generation (SHG)

A B

ω 2ω

SHG SHS

ω
2ω

Figure 2.2 – Second harmonic generation (SHG) in (A) reflection mode and (B) scattering
configuration, also referred to as second harmonic scattering (SHS).

only in the non-centrosymmetric regions of a probed sample. Considering a material with an

isotropic interior in an isotropic medium the SH signal arises only from the interfacial region

where the centrosymmetry is broken. This makes SHG a powerful tool to study surfaces and

interfaces on a molecular level.

χ(2) = 0

χ(2) 6= 0

ω

2ω

Figure 2.3 – Nonresonant second harmonic scattering (SHS) from a particle with an isotropic
interior in water (here considered as an isotropic liquid). χ(2) is the second order susceptibility,
which is equal to zero in an isotropic material due to symmetry rules. As a consequence the
scattered SH light arises only from the non-centrosymmetric particle/liquid interfacial region
where χ(2) is non-zero. The incoming electromagnetic wave has a frequency of ω which leads
to SHS light with a frequency of 2ω.

The surface sensitivity of SHG is schematically shown in Figure 2.3 for a nonresonant experi-

ment in scattering configuration. In this scenario the SH light is collected from the interfacial

region of a particle in water, which is considered here as an isotropic liquid. Given that the

sample exhibits inversion symmetry, the second order susceptibility is equal to zero (χ(2) = 0)

17



Chapter 2. Theoretical background, methods and experimental details

in the centrosymmetric particle interior. In this case, and assuming that we are in a nonreso-

nant SHG case, the SH scattered light only arises from the aqueous interfacial region of the

particle (χ(2) 6= 0).

2.3 Polarimetric angle-resolved second harmonic scattering (AR-SHS)

In this section we will introduce the polarimetric angle-resolved second harmonic scattering

(AR-SHS) technique, which was used throughout this thesis to determine the surface potential

Φ0 and the surface susceptibility χ(2)
s,2 as a measure of interfacial water orientation. It is

important to note that AR-SHS is a nonresonant SHG experiment in scattering configuration

as described in section 2.2. In the following we want to first give a description of the most

relevant theoretical basics and assumptions underlying the AR-SHS technique before we

explain the experimental details of the AR-SHS setup. We close this section with a brief

discussion of the expected measurement uncertainties and the influence of the variation of

the fitting parameters used to obtainΦ0 and χ(2)
s,2.

2.3.1 AR-SHS model and theory

In the following, we briefly summarize some of the essential aspects of the AR-SHS model and

the nonlinear optics theory relevant for the fitting procedure that is used to extractΦ0 and χ(2)
s,2.

A more detailed description can be found elsewhere [113, 114, 127, 136, 149]. In a nonresonant

AR-SHS experiment, the fundamental frequency of a high-energy femtosecond laser pulse

interacts with an aqueous solution that contains particles. The intense femtosecond laser

pulses distort the electron clouds of all non-centrosymmetric molecules, which causes a

displacement of charge with a frequency component of 2ω. These induced charge oscillations

are, to leading order, the origin of molecular dipole moments. The sum of all second-order

induced molecular dipoles results in a macroscopic polarization P(2). This polarization P(2) is

equal to

P(2)
2ω = ε0χ

(2) : E(ω)E(ω) (2.4)

where ε0 is the vacuum permittivity, χ(2) is the second-order susceptibility, which describes

the local second harmonic response of the medium, and E(ω) is the incoming electromagnetic

field for SHS. The generated electromagnetic wave has double the frequency (2ω) of the

incoming light with frequency ω. In the electric dipole approximation, the emission of SH

light is forbidden in the bulk of centrosymmetric media as they possess inversion symmetry.

Considering a spherical particle with an isotropic amorphous interior and water as an isotropic

liquid, the SH signal originates specifically from the non-centrosymmetric regions at the

interface as it is schematically shown in Figure 2.3. Under nonresonant conditions, the

second-order polarization P(2) depends on the molecular electron density in the interfacial

region. Therefore, every non-centrosymmetric molecule in the non-centrosymmetric region

around the particle contributes equally to the SH polarization. The SH intensity I2ω scales
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2.3. Polarimetric angle-resolved second harmonic scattering (AR-SHS)

quadratically with the number density of molecules through

I2ω∝
∣∣∣P(2)

2ω

∣∣∣2 =
∣∣∣N〈p(2)

2ω〉
∣∣∣2

, (2.5)

where 〈p(2)
2ω〉 is the sum of induced molecular second-order dipole moments per unit volume

and N is the number of molecules. Because of this relationship, the majority of the SH

signal intensity originates from water molecules at the interface, as the number of non-

centrosymmetrically distributed surface groups of the particle is much smaller than the

number of oriented water molecules at the interface. The SHS signal then arises from the net

orientational order of water molecules along the surface normal. Figure 2.4 introduces the

different contributions to the SHS signal. Besides theχ(2) contribution to the SHS intensity that

describes the orientational order induced by all (chemical) interactions confined to the particle

surface plane (Fig. 2.4 A), the electrostatic field, EDC , generated between the counterions and

the charged surface affects the SHS signal. The effective third-order susceptibility tensor, χ(3)′

A B

EDC = 0

1

1

EDC �= 0

+
+
+
+
+
+

+ 4
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−
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−

−

+
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1

Figure 2.4 – Second-order (χ(2)) and effective third-order (χ(3)′) susceptibility contributions
to the SHS signal. (A) Contributions to χ(2) represented by water molecule number (1): Ori-
ented water molecules that are chemically bound to the surface. This contribution to the
SH signal would also exist in the hypothetical case of the absence of an electrostatic field.
(B) Contributions to χ(3)′ , comprising all processes that lead to the emission of SH light and
require interaction with an electrostatic field EDC forming between a charged particle surface
and counterions accumulating close to the particle surface. The non-zero electrostatic field
EDC reorients interfacial water molecules (2) close to the surface and (3) up to the maximum
penetration depth of EDC into the solution (further away from the surface). χ(3)′ also includes
a pure third-order effect originating from the isotropic third-order susceptibility of bulk water,
represented here by water molecule number (4). Since the third-order contribution of bulk
water is expected to be very small (responsible for <1% of SH intensity [114]) this effect can be
neglected.
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Chapter 2. Theoretical background, methods and experimental details

represents all processes that lead to the emission of SH light and require an interaction with

EDC . This includes the reorientation of water molecules in the interfacial region up to the

maximum penetration depth of EDC into the solution (main χ(3)′ contributions), as well as a

pure third-order interaction that arises from the isotropic third-order susceptibility of bulk

water, which is in practice negligible. Figure 2.4 B summarizes the different contributions to

χ(3)′ . The resulting effective third-order polarization P(3)′ is defined as

P(3)′
2ω ∝ ε0χ

(3)′ : E(ω)E(ω)Φ0 (2.6)

withΦ0 =
∫ +∞

0 EDC (z)dz being the surface potential. We then obtain for the total SHS intensity

I2ω =
∣∣∣P(2)

2ω+P(3)′
2ω

∣∣∣2
. (2.7)

Thus, within the Rayleigh-Gans-Debye (RGD) approximation, which assumes no reflection nor

absorption by the scatterer (explained in more detail in section 2.3.2), the total SHS intensity

can be given as

I2ω∝
∣∣∣Γ(2)(R,χ(2)

s ,θ)+Γ(3)′(R,χ(3)′ ,θ,κ−1)Φ0

∣∣∣2
(2.8)

where R is the particle radius, θ is the scattering angle, and κ−1 is the Debye length (directly

correlated to the ionic strength of the solution). The general expression of the Debye length

for electrolytes is

κ−1 =
√

(ε0εr kB T )/(1000e2NA
∑

i
z2

i ci ) (2.9)

and takes into account the vacuum and relative permittivity ε0 and εr , respectively, the

Boltzmann constant kB , the temperature T , the elementary charge e, Avogadro’s number

NA , the valency z and the ionic concentration c of ions of type i [71]. Γ(2) and Γ(3)′ are,

respectively, the effective second- and third-order susceptibilities that are connected to the

two SHS contributions χ(2) and χ(3)′ through multiplication of geometrical form factors F1, F2

and F3 that are specific to the geometry of the scatterer and the geometry of the incoming

and outgoing electromagnetic fields [113, 127]. The relationship between the nonzero Γ(2)

and χ(2) tensor elements and Γ(3)′ and χ(3)′ is given in Table 2.1. The geometrical form factors

for spheres are shown in Table 2.2 in section 2.3.2. F1, F2 and F3 all depend on the scattering

vector q, defined as q = k0 − (k1 +k2). A schematic illustration of scattering from a spherical

particle (k0) in a general case with two incoming electromagnetic fields E1(ω) and E2(ω)

with wavevectors k1 and k2 of different angles of incidence is given in Figure 2.5. In this
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Figure 2.5 – Geometry of a scattering experiment (top view) as schematically illustrated on a
spherical particle with radius R, adapted from Ref. [113]. Employing a non-collinear beam
geometry, two incoming electromagnetic fields with wavevectors k1 and k2 are scattered on
the particle, giving rise to an electromagnetic wave with wavevector k0. The angles α and β
describe the angles of incidence of the incoming electromagnetic fields, while the angle θ is the
scattering angle defined as the angle between the scattered (detected) light (k0) and the sum of
the incoming wavevectors k1 and k2. While the coordinate system of the scattering experiment
is defined by the vectors x, y and z, the coordinate system of the second order susceptibility χ(2)

is given by χ(2)
⊥ and χ(2)

∥ , where ⊥ is the direction parallel and ∥ are the directions orthogonal

to the radial direction of the particle (using spherical coordinates). Γ(2)
⊥ and Γ(2)

∥ describe the

coordinate system of the effective second order susceptibility Γ(2) containing the combined
symmetry of the interacting electromagnetic fields and the scatterer. In this case ⊥ and ∥ are
defined with respect to the scattering vector q, where ⊥ represents the direction parallel to q
and ∥ represents the directions perpendicular to q.The polarization of the incoming and the
collected electromagnetic waves can be either P (parallel) or S (perpendicular) with respect to
the scattering plane, indicated by the arrows orthogonal to k1, k2 and k0 in the corresponding
color.

configuration the amplitude of the scattered electromagnetic field can be expressed as:
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[
cos

(
θ

2
−α+β

)
Γ(2)

3

]
, (2.12)

EPSS =C

[
cos

(
θ

2

)
Γ(2)

4

]
, (2.13)

21



Chapter 2. Theoretical background, methods and experimental details

where C = k2
0

4π
e i k0r0

r0
E1(ω)E2(ω). r0 is the detector position in the far field and i the imaginary

number. Note that in a collinear beam geometry, as we employ it in our AR-SHS experiments,

the above expressions simplify since the angles α and β are vanishing and k1 = k2 and E1(ω) =
E2(ω). Therefore, in the experimental geometry that we use, we obtain nonzero normalized

SHS signal in two independent polarization combinations of light: PPP and PSS (for spherical

particles with an achiral surface PSS = SSP = SPS). Here the first letter refers to the polarization

state of the SH beam and the second and third letter refer to that of the fundamental incoming

beam. P polarized light is parallel and S polarized light is perpendicular to the scattering plane.

Within the aforementioned RGD approximation, the scattered intensity from a sphere or shell

in the two independent polarization combinations normalized by the bulk water signal can

analytically be expressed as

IPPP(ω)

ISSS(ω)
=

Np

(
ε0

[
cos3(θ2 )Γ(2)

1 +cos(θ2 )
(
Γ(2)

2 +Γ(3)′
2

)
(2cos(θ)+1)

])2

(
β

(2))2
Nb

(2.14)

IPSS(ω)

ISSS(ω)
=

Np

(
ε0

[
cos(θ2 )

(
Γ(2)

2 +Γ(3)′
2

)])2

(
β

(2))2
Nb

(2.15)

where β
(2)

is the averaged second-order hyperpolarizability of water. Np is the number

of colloidal particles per volume and Nb is the number density of bulk water (3.34 · 1028

molecules/m3), so that Nb/Np is the number of bulk water molecules per particle. Equations

2.14 and 2.15 can alternatively be expressed as a function of the induced second-order dipole

moment µ=β(2)
E(ω)2 as stated in Refs. [150–152]. A summary of all the relevant constants

and analytical expressions used can be found in Tables 2.2 and 2.1 in the section 2.3.2 for

completeness. Note that the effective third-order susceptibility Γ(3)′ is directly related to

the surface potential Φ0, and the effective second-order susceptibility Γ(2) is related to the

orientation of water molecules at the interface given by χ(2) as described in equation 2.8.

By fitting of the measured and normalized AR-SHS patterns in two different polarization

combinations according to equations 2.14 and 2.15, absolute values for the surface potential

and the orientation of water molecules at the surface can be extracted.

In order to obtain absolute values for the surface potential Φ0 and the tensor elements of

χ(2) as a measure of surface molecular orientation of water molecules, the relative measured

SHS signal needs to be related to absolute quantities. Here we use the fact that the second-

order hyperpolarizability β(2) and the third-order hyperpolarizability β(3) of uncorrelated

water are known, so that through normalization by ISSS(ω), the measured SHS response can

directly be linked to an absolute value of the β(2) component of the particle suspension. The

second-order hyperpolarizability β(2) is connected to the second-order susceptibility χ(2),

which than can be used to determine the orientation of water molecules at the interface. The

particle interface of a spherical scatterer can be considered as isotropic in the interfacial plane

(tangential coordinates are degenerate). This reduces the 27 possible χ(2) tensor elements to
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2.3. Polarimetric angle-resolved second harmonic scattering (AR-SHS)

only 4 nonzero χ(2) elements (χ(2)
s,1, χ(2)

s,2, χ(2)
s,3, χ(2)

s,4). Considering a lossless medium (appropriate

for nonresonant SHG) and Kleinman symmetry, 3 of the 4 remaining elements are degenerate

(χ(2)
s,2 = χ(2)

s,3 = χ(2)
s,4). Assuming that the orientational distribution of water molecules at the

interface is broad, χ(2)
s,1 can be neglected [136, 153]. Knowing χ(2)

s,2 is therefore sufficient to

describe the molecular ordering at the surface. As a sign convention for χ(2)
s,2 we use the

following: negative values for water molecules with O atoms pointing toward the surface

(dipole moment pointing away from the surface) and positive values for water molecules with

H atoms pointing toward the surface (dipole moment pointing in direction of the surface). This

sign convention arises from a comparison to values obtained from sum-frequency generation

studies [154].

A more detailed description of the vanishing χ(2) and χ(3′) (Γ(2) and Γ(3)′) elements can be

found in table 2.1. The assumptions we use in our AR-SHS model are further explained in

section 2.3.2. More information about the measurements and the normalization procedure

can be found section 2.3.3.

2.3.2 Relevant constants, analytical expressions and assumptions

The geometrical form factor functions for spheres, as they are shown in Table 2.2 can also

be found in Refs. [113, 149]. They depend on the radius of the particles R and the scatter-

ing vector |q| = q . The third form factor also depends on the inverse Debye length κ and

therefore the ionic strength of the solvent. The constants used to calculate the scattered

intensity from spherical particles in equations 2.14 and 2.15 are the dipole moment of water

µDC , and the hyperpolarizability tensor elements of water β̄(2) and β̄(3). The values of the

hyperpolarizability tensor elements were computed from an ab-initio model (using 1064 nm

incoming light, Table 4, Model IIIa, of Ref. [155]). Although there are 3 β(2) or 6 β(3) non-zero

hyperpolarizability tensor elements for a single water molecule, a single mean value can be

obtained by averaging over many water molecules in an isotropic liquid, here indicated as β̄(2)

and β̄(3). Table 2.1 summarizes some important equalities as well as the surface and effective

particle susceptibility elements needed to compute the second harmonic scattering intensity

from spherical particles in a solution. The non-zero second- and third-order susceptibility

elements, χ(2)
s,1, χ(2)

s,2 and χ(3)′
2 are corrected for changes in the refractive index occurring at the

particle/liquid interface following Refs. [130, 131] so that dispersion can be neglected. It was

found in previous studies that a linear correction term as proposed by Dadap et al. [130]

is sufficient to correct for the changes in the orthogonal coordinate of the electromagnetic

field when it crosses the particle/liquid interface [114]. The corrected susceptibility elements

χ(2)′′
s,1 , χ(2)′′

s,2 and χ(3)′′
2 , and are then inserted into the analytical expressions for the non-zero

effective particle susceptibility elements Γ(2)
1 , Γ(2)

2 and Γ(3)′
2 needed to calculate the scatter-

ing intensity in equations 2.14 and 2.15. The effective particle susceptibilities represent the

combined symmetry of the incoming electromagnetic fields, the geometry of the scatterers

(here: spherical), the interfacial structure and the electrostatic field in the aqueous phase.

Note that the scattering intensity equations 2.14 and 2.15 are only valid under the assump-

tion that dispersion from the difference in the refractive indices of the particles (np ) and the
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Chapter 2. Theoretical background, methods and experimental details

Table 2.1 – Effective particle susceptibilities, surface susceptibility elements and their equalities
used for computing the scattering intensity from spherical particles (Eqs. 2.14 and 2.15). ⊥
refers to the direction perpendicular to the particle surface and ∥ to the direction parallel to
the particle surface. The second- and third-order susceptibility elements are corrected for
changes in the refractive index occurring at the particle/liquid interface following Ref. [130,
131] so that dispersion can be neglected.

Second-order surface susceptibilities and their equalities

χ(2)
s,1 =χ(2)

s,⊥⊥⊥−χ(2)
s,∥∥⊥−χ(2)

s,∥⊥∥−χ(2)
s,⊥∥∥, χ(2)

s,1 → 0

χ(2)
s,2 =χ(2)

s,∥∥⊥, χ(2)
s,3 =χ(2)

s,∥⊥∥, χ(2)
s,4 =χ(2)

s,⊥∥∥, χ(2)
s,2 =χ(2)

s,3 =χ(2)
s,4

Effective third-order susceptibilities and their equalities

χ(3)′
1 =χ(3)′

⊥⊥⊥,⊥−χ(3)′
∥∥⊥,⊥−χ(3)′

∥⊥∥,⊥−χ(3)′
⊥∥∥,⊥, χ(3)′

1 = 0

χ(3)′
2 = Nb

ε0

(
β̄(3) + β̄(2)µDC

3kB T

)
= 10.3 ·10−22 m2V−2, χ(3)′

2 =χ(3)′
3 =χ(3)′

4

Corrected surface- and effective third-order susceptibilities

χ(2)′′
s,1 = 27η

(
χ(2)

s,1η
2+3χ(2)

s,2(η2−1)
)

(2+η)3 , η=
(

np

nH2O

)2

χ(2)′′
s,2 = 27η

χ(2)
s,2

(2+η)3

χ(3)′′
2 = 27η

χ(3)′
2

(2+η)3

Effective particle susceptibilities

Γ(2)
1 = (

2F1(qR)−5F2(qR)
)
χ(2)′′

s,1

Γ(2)
2 = F2(qR)χ(2)′′

s,1 +2F1(qR)χ(2)′′
s,2

Γ(3)′
2 = 2χ(3)′′

2 Φ0
(
F1(qR)+F3(qR,κR)

)

liquid (nH2O) can be neglected and that no multiple scattering events occur. Dynamic light

scattering experiments and second harmonic scattering experiments as a function of particle

concentration were performed (see Figs. 2.8 and 2.9) in order to determine the linearity range

ensuring that those assumptions hold. The expressions for the surface and effective particle

susceptibilities, presented in Table 2.1, are derived using five commonly used assumptions

[103] that are related to the optical properties of isotropic materials and their behavior in

nonresonant second harmonic scattering experiments:
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2.3. Polarimetric angle-resolved second harmonic scattering (AR-SHS)

Table 2.2 – Constants, geometrical form factor functions and scattering vector used for calcu-
lating the scattered intensity from spherical particles (Eqs. 2.14 and 2.15)

Geometrical form factors

F1(qR) = 2πR2i
(

sin(qR)
(qR)2 − cos(qR)

qR

)
F2(qR) = 4πR2i

(
3 sin(qR)

(qR)4 −3 cos(qR)
(qR)3 − sin(qR)

(qR)2

)
F3(κR, qR) = 2πR2i qR cos(qR)+κR sin(qR)

(qR)2+(κR)2

Scattering vector

q ≡ k0 −2k1, q =
∣∣∣4πnH2O

λSH
sin θ

2

∣∣∣
Constants

µDC = 8.97 ·10−30 Cm

β̄(2) = 3.09 ·10−52 C3m3J−2

β̄(3) = 4.86 ·10−62 C4m4J−3

1. The liquids can be considered as spatially isotropic reducing the number of possible

χ(3)′ and Γ(3)′ tensor elements (which are 81 elements considering a lossless medium

and that the electric fields are real) to only 4 remaining non-zero elements (Ref. [103]

page 53).

2. Applying the assumptions that the material is lossless and that the electric fields are real

reduces the amount of possible elements for χ(2) and Γ(2) to 27. As the particle interface

can be considered as isotropic in the interfacial plane, meaning that tangential coordi-

nates are interchangeable, the number of non-zero elements reduces to 4 elements for

χ(2)
s and Γ(2).

3. Assuming the absence of dispersion due to the probing being off-resonant, three of the

four tensor elements of χ(2)
s (Γ(2)) and χ(3)′ (Γ(3)′) are equal to one another (χ(2)

s,2 =χ(2)
s,3 =

χ(2)
s,4 and χ(3)′

2 =χ(3)′
3 =χ(3)′

4 ) so that only two independent tensor elements remain. Those

are χ(2)
s,1, χ(2)

s,2, and χ(3)′
1 , χ(3)′

2 respectively. This assumption was verified by confirming that

the polarization combinations PSS and SPS (or SSP) generate the same SHS response

within experimental uncertainty. Mind that SPS and SSP are the same in SHS as we

are using a single incoming frequency ω1 =ω2 =ω, which makes the last two indices

interchangeable.
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Chapter 2. Theoretical background, methods and experimental details

4. Additionally, the element χ(3)′
1 is equal to zero due to symmetry properties of the third-

order susceptibility tensor of an isotropic medium (namely χ(3)′
1 = χ(3)′

⊥⊥⊥,⊥−χ(3)′
∥∥⊥,⊥−

χ(3)′
∥⊥∥,⊥−χ(3)′

⊥∥∥,⊥ = 0) [136, 153]. Thus also Γ(3)′
1 = 0 (Ref. [113])

5. We finally assume that χ(2)
s,1 = 0, which is the case for a broad orientational distribution

of water molecules at the interface. See Ref. [153] for details.

As mentioned in section 2.3.1, our AR-SHS model holds within the so called Rayleigh-Gans-

Debye (RGD) approximation. The basic assumption of the RGD theory is that light is not

reflected at the nanoparticle/liquid interface, nor attenuated inside the particle. This can be

considered true if the following conditions are fullfilled:∣∣∣∣1− np

nH2O

∣∣∣∣¿ 1, (2.16)

2πnH2O

λ
a

∣∣∣∣1− np

nH2O

∣∣∣∣¿ 1. (2.17)

In these expressions np is the refractive index of the particle, nH2O is the refractive index of

the solvent (here water), λ is the wavelength of the light and a is the linear dimension of an

arbitrarily shaped particle, which for spherical particles translates into the particle radius R.

2.3.3 AR-SHS setup and measurements

The second harmonic scattering measurements were performed on the same SHS setup

previously described in detail in Refs. [114] and [116]. A schematic illustration of the SHS setup

used throughout this thesis is shown in Figure 2.6. To measure AR-SHS, a pulsed 190 fs Yb:KGW

laser (Pharos-SP system) with a center wavelength of 1028 nm (chapter 3 and 4) or 1032 nm

after the replacement of the laser oscillator (chapter 5 and 6), a repetition rate of 200 kHz

and an average power of 60 mW (chapter 3) or 80 mW (chapter 4, 5 and 6) was focused into a

cylindrical glass sample cell (4.2 mm inner diameter, high precision cylindrical glass cuvettes,

LS instruments). The input and output polarization was controlled by a Glan-Taylor polarizer

(GT10-B, Thorlabs) and a zero-order half wave plate (WPH05M-1030) and another Glan Taylor

polarizer (GT10-A, Thorlabs), respectively. The beam waist was about w0 ∼ 55µm as measured

with a beam profiler (Thorlabs BP104-UV); the corresponding Rayleigh length was ∼9.23 mm.

The scattered SH light (λ = 514 nm in chapter chapter 3 and 4 or λ = 516 nm in chapter 5

and 6) was collected, collimated with a planoconvex lens ( f = 5 cm), polarization analyzed,

and filtered (ET525/50, Chroma in chapter 3; ZET514/10x, Chroma in chapter 4; CT516/10bp,

Chroma in chapter 5 and 6) before being focused into a gated photomultiplier tube (H7421-40,

Hamamatsu). The acceptance angle was set to 3.4° for scattering patterns. Patterns were

obtained in steps of 5° from θ = −90° to θ = 90° with 0° being the forward direction of the

fundamental beam. Data points were acquired using 30 · 1 s (chapter 3) or 20 · 1.5 s (chapter

4, 5 and 6)acquisition time with a gate width of 10 ns (chapter 3, 4 and 5) or 5 ns (chapter 6).

To correct for incoherent hyper-Rayleigh scattering (HRS) from the solvent phase, both the
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2.3. Polarimetric angle-resolved second harmonic scattering (AR-SHS)

SHS response from the sample solution I (θ)SHS, sample and the HRS response from a solution

of identical ionic strength and pH but without nanoparticles I (θ)HRS, solution are collected.

The HRS is subtracted from the SHS signal of the sample and the obtained difference is then

normalized to the isotropic SSS signal of pure water I (θ)HRS, water, SSS to correct for differences

in the beam profile on a day-to-day basis:

I norm
PPP (θ) =

[
I (θ)SHS, sample, PPP − I (θ)HRS, solution, PPP

I (θ)HRS, water, SSS

]
(2.18)

Here, the normalized signal of the sample I norm(θ) is given for SHS in the PPP polarization

combination. The normalization procedure was applied in the same way for SHS measured in

the PSS polarization combination. The normalized patterns were then fitted using the AR-SHS

model previously derived[113, 114, 116, 140] and described in this thesis in section 2.3.1 in

order to extract the surface potentialΦ0 and the second-order surface susceptibility χ(2)
s,2. The

fitting procedure uses the analytical equations 2.14 and 2.15 and takes into consideration

the particle radius R, as it was measured by dynamic light scattering (DLS) (see section 2.4.1

for an explanation of this technique), the ionic strength, as determined from conductivity

measurements, the refractive indices of water (1.33) [156] and TiO2(2.61) [157] or SiO2 (1.46)

[158], the SH wavelength λ = 514 nm (or λ = 516 nm after the oscillator replacement), the

temperature T , and the number of particles/mL.

Figure 2.6 – Angle-resolved second harmonic scattering (AR-SHS) setup adapted from Ref.
[114]. The polarization in S (perpendicular to the scattering plane) or P (parallel to the
scattering plane) can be adjusted for the incoming near-infrared (NIR) beam (red) and the
scattered second hamonic (SH) light (green).The SH light is collected as angular patterns
over 180° with a photomultiplier tube (PMT) on a rotation stage. Samples are contained in a
cylindrical glass cuvette.
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2.3.4 Error analysis

We note that the error bars that we report forΦ0 and χ(2)
s,2 throughout this thesis are based on

the statistical errors of the measured AR-SHS patterns prior to normalization. A calculation

using Gaussian error propagation allows us to obtain the errors of the normalized AR-SHS

patterns of the particles dispersed in a solution σ(θ)norm
PPP (shown here for the example of

measurements performed in PPP polarization direction) so that:

(
σ(θ)norm

PPP

)2 =
(
σ(θ) sample, PPP

I (θ)HRS, water, SSS

)2

+
(−σ(θ)solution, PPP

I (θ)HRS, water, SSS

)2

+
(
−(

I (θ)SHS, sample, PPP − I (θ)HRS, solution, PPP
) ·σ(θ)water, SSS(

I (θ)HRS, water, SSS
)2

)2

(2.19)

In this expression σ(θ)sample, PPP is the statistical error of the original unnormalized AR-SHS

patterns obtained for particles in a solution in PPP polarization direction. σ(θ)solution, PPP is

the deviation of the reference solution pattern and σ(θ)water, SSS is the deviation of a water

pattern in SSS polarization direction. I (θ)sample, PPP is the SHS response from the sample

solution I (θ)solution, PPP is the HRS response from a solution of identical ionic strength and pH

but without nanoparticles in PPP polarization direction. I (θ)water, SSS is the HRS response of

water in PPP polarization direction. Equation 2.19 is in the same way applicable for obtaining

the errors of the normalized AR-SHS patterns in the PSS polarization direction. The errors on

Φ0 and χ(2)
s,2 are numerical errors on the fitting procedure. They are determined by applying

the fitting procedure to I norm
PPP (θ)+σ(θ)norm

PPP and I norm
PPP (θ)−σ(θ)norm

PPP . The equivalent procedure

is applied to AR-SHS patterns in PSS polarization direction.

Other sources of error may contribute to the total error, such as the variations in the exper-

imentally determined parameters (i.e., the particle radius, the number of particles, or the

ionic strength). An estimation of the influence of those uncertainties on the surface potential

Φ0 and the surface susceptibility χ(2)
s,2 was reported for oil droplets in water in ref [114]. In

section 8.3 (Appendix), we examine the effect of a variation of the fitting parameters on the

values obtained forΦ0 and χ(2)
s,2. The fitting procedure is applied to the experimental AR-SHS

patterns obtained for ∼ 100 nm amorphous TiO2 in NaCl solutions of different concentration.

The original AR-SHS patterns of ∼100 nm amorphous TiO2 and the corresponding plots of

Φ0 and χ(2)
s,2 as a function of salt concentration are further discussed in Chapter 4. From the

variation of the fitting parameters, it can be seen that in most of the cases only the magnitude

of bothΦ0 and χ(2)
s,2 are affected by a large variation of the investigated parameter, but that the

trends observed for the different ions, pH conditions and surfaces studied in this thesis are

unaffected.
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2.4 Complementary experimental techniques and methodologies

2.4.1 Dynamic light scattering measurements (DLS)

Dynamic light scattering (DLS) is a linear scattering technique that is used in this thesis to

determine the hydrodynamic radius of the particles investigated. We used a Malvern Nanosizer

ZS in chapter 3, 4 and 5, and a Malvern Zetasizer Ultra in chapter 6 to measure the particle

size, which was then used in the SH fitting procedure. The Malvern Zetasizer Ultra system

additionally allows us to determine the particle concentration (number of particles/mL)

using a multi-angle dynamic light scattering (MADLS) technique. In chapter 6 we used the

experimentally determined number of particles obtained through the MADLS method to fit

the SHS patterns. Additionally, we used DLS to control that our AR-SHS measurements are

performed in a range where the scattering from the particles is linearly dependent on the

particle concentration. In the following we want to introduce the main working principles of

DLS and MADLS.

When particles are in a solution they undergo Brownian motion, which is a random movement

originating from the interaction of solvent molecules with the particles. This movement is

dependent on the size of the particle: the larger the particle radius, the slower its motion.

Smaller particles are more easily redirected by surrounding solvent molecules and are therefore

moving faster. The velocity of the Brownian motion is defined by the so called translational

diffusion coefficient D . This property is used in the Stokes-Einstein equation to determine the

hydrodynamic diameter dH which can be expressed as

dH = kB T

3π ηD
(2.20)

where kB is the Boltzmann constant, T is the temperature and η is the viscosity of the solution.

Since the viscosity of the liquid is temperature dependent, it is important that the sample

is equilibrated at a stable temperature before it is measured. All samples in our studies

where equilibrated and measured at room temperature. To obtain the translational diffusion

coefficient D of the particles needed to calculate the hydrodynamic diameter, DLS uses an

autocorrelation method. A laser with a wavelength of λ= 632.8 nm is focussed on a sample

cell (DTS0012 or DTS1070) that contains particles in a solution. A detector placed at 173° from

the angle of incidence of the laser light collects the intensity of the scattered light from the

particles. This intensity fluctuates as a function of time due to the Brownian motion of the

particles. An autocorrelation of the scattered intensity at various points in time allows us to

extract the hydrodynamic size of the particles. The correlation function G(τ) can be described

as

G(τ) = 〈I (t )∗ I (t +τ)〉 (2.21)

where t is the time and τ is the sample time of the correlator. For monodispersed particle

suspensions G(τ) can be expressed as

G(τ) = A
[
1+Be−2Υτ] (2.22)
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where A is the baseline and B the intercept of the correlation function. Υ is related to the

translational diffusion coefficient D and the scattering vector q = 4πn
λ sin(θ2 ) by

Υ= Dq2. (2.23)

In this expression λ is the laser wavelength, θ is the scattering angle and n is the refractive

index of the dispersant. For polydispersed particle suspensions G(τ) can be written as a

function of multiple exponential terms.
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Figure 2.7 – Size distribution of ∼100 nm amorphous TiO2 particles in water as determined
by DLS measurements. The intensity percentage is given as a function of particle diameters
present in the solution. From this size distribution the hydrodynamic diameter (dH ) of the
particles, the standard deviation σ and the polydispersity index (PDI) of the distribution can
be determined.

Figure 2.7 shows a typical dynamic light scattering size distribution of a monomodal particle

suspension, as it can be obtained by a fitting of the measured autocorrelation function. The

polydispersity index (PDI) gives an indication about the broadness of the size distribution and

takes into account the standard deviation of the size distribution σ and the mean radius of the

particles r , so that

PDI =
(σ

r

)2
. (2.24)

In the case of MADLS, the intensity scattered from the sample is collected under three different

angles: 173°, 13° and 90°. This allows to obtain a more accurate particle size distribution with

improved resolution enabling for the determination of the particle concentration in the

solution in the concentration range of 108 - 1012 particles/mL [159]. The absolute particle

concentration distribution p(dH ) (number of particles per volume for a particular size) can be

obtained from the intensity-weighted particle size distribution x(dH ) according to

p(dH )
dCsca

dΩ
(dH ) = x(dH )Ip

Rtol

Itol
(2.25)

where dH is the hydrodynamic diameter, dCsca
dΩ is the differential scattering cross-section of the

particles (with respect to the solid angleΩ), Ip is the derived count rate of photons scattered
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from the particles, and Itol is the derived photon count rate scattered by toluene as a reference.

Rtol is the Rayleigh ratio of toluene, which can be found in the literature. The derived count rate

is a measure for the actual photon scattering of a specific sample as if the intensity measured

in DLS was not attenuated. Mie theory is used to calculate dCsca
dΩ , which is dependent on size

and the refractive index of the particles and the dispersant.
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Figure 2.8 – Derived count rate in kilo counts per second (kcps) as a function of particle
concentration in weight per volume percent (% w/v) as determined by DLS measurements for
∼100 nm amorphous TiO2 particles.

In this thesis, DLS was additionally used to ensure that the AR-SHS measurements are per-

formed in a range where the scattering intensity is linearly dependent on the concentration

of particles so that no multiple scattering events occur. Figure 2.8 shows the derived count

rate obtained from DLS measurements as a function of particle concentration for amorphous

∼100 nm TiO2 particles. It can be seen that the DLS signal scales linearly with concentration

from 0.01% w/v to 0.05% w/v. Based on this measurement we chose to perform the AR-SHS

of this sample at a concentration of 0.05% w/v to maximize the SHS signal while preventing

multiple scattering events. Figure 2.9 shows the AR-SHS patterns of amorphous ∼100 nm

TiO2 particles measured at different particle concentrations. As in the case of linear light

scattering, the SH intensity is increasing linearly with particle concentration in this concen-

tration range. For every sample investigated in this thesis the linear scattering range was

determined by a DLS concentration series to find the most suitable concentration for the

AR-SHS measurements.

2.4.2 Electrophoretic mobility measurements and ζ-potential

In this thesis we employed electrophoretic mobility measurements to determine the zeta-

potential ζ of the SiO2 and TiO2 particles in suspension to control colloid stability. As discussed

in detail in chapter 1.5 the zeta-potential ζ is traditionally interpreted as the potential at the

shear plane of the particles (see Fig. 1.2) and provides information about the ionic environ-

ment of the particles. When charged particles are suspended in an electrolyte solution and an
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Figure 2.9 – (A) Particle concentration dependence of the AR-SHS scattering patterns in
PPP and PSS polarization direction for ∼100 nm amorphous TiO2 particles. (B) Linearity of
the increase in SHS signal taken at the maximum of each AR-SHS scattering pattern in the
concentration range of 0.01% w/v to 0.05% w/v of ∼100 nm amorphous TiO2 particles.

electric field is applied, the particles are attracted towards the oppositely charged electrode.

Depending on the viscosity of the surrounding liquid, its dielectric constant and the strength

of the applied electric field, the particle moves with a certain velocity towards the electrode,

which is referred to as electrophoretic mobility. The Henry equation relates the electrophoretic

mobility vm and the zeta-potential ζ by

vm = εζ f (κR)

η
. (2.26)

where ε= εr ε0 is the permittivity of the medium (ε0 is the vacuum permittivity and εr is the

relative permittivity of water), η is the viscosity of the liquid and f (κR) is the Henry’s function.

In this function κ is the inverse Debye length and R refers to the radius of the particle. As a

consequence, κR describes the ratio of the particle size and the electrical double layer (EDL)

thickness.

In the Zetasizer software of the Zetasizer Nano ZS (Malvern Instruments), which we use to

measure the electrophoretic mobility, Henry’s function is employed to convert vm to ζ. Two

limiting cases can be distinguished for the simplification of Henry’s function: Smoluchowski

approximation for thin EDLs (κR À 1) and Hückel approximation for thick EDLs (κR ¿ 1).

While the Smoluchowski approximation is valid for higher ionic strength cases where the

Debye length in the electrolyte is reduced (e.g. ∼ 10−3 M for particle radii of R = 100 nm),

the Hückel approximation covers lower ionic strength conditions, where the Debye length is
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Figure 2.10 – Limiting cases for the simplification of Henry’s function: Hückel approximation
for small particles and thick EDLs (left) and Smoluchowski approximation for large particles
and thin EDLs (right).

increased. The larger the particle radii, the more applicable is the Smoluchowski approxima-

tion, where f (κR) → 1, while the smaller the particle radii, the more applicable is the Hückel

approximation where f (κR) → 2
3 . Therefore Henry’s equation (2.26) can have two solutions

in the Zetasizer software which differ by a factor of 1.5 depending on whether the Hückel or

Smoluchowski approximation are used. However, based on the particle size and the ionic

strength of the solution investigated, one may find cases where neither the Hückel nor the

Smoluchowski approximation fully apply. For those cases we used an approximation derived

by Ohshima [160] (further detailed in Ref. [161]) to more precisely convert vm to ζ. In this

approximation the following expression with relative errors less than 1% for f (κR) is used:

f (κR) = 2

3

1+ 1

2
(
1+ 2.5

κR(1+2e−κR )

)3

 . (2.27)

Inserting equation 2.27 into equation 2.26 allows to manually convert the measured elec-

trophoretic mobility vm to the zeta potential ζ using Ohshima’s method.

2.5 Sample preparation and characterization

2.5.1 Preparation of colloidal dispersions and reference solutions

The particles investigated in this thesis were received in powder form or already dispersed in

solution. A stock solution of the colloidal particles was prepared using ultrapure water (MilliQ,

Millipore, Inc., electrical resistance of 18.2 MΩ · cm). The stock solutions were diluted to the
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Chapter 2. Theoretical background, methods and experimental details

desired concentration of particles and stabilized by addition of NaOH when needed. After

sonicating and vortexing the samples, a washing procedure was employed to remove residual

ions from the synthetic procedure. The nanoparticles in the diluted stock solutions were

collected via centrifugation, the supernatant was removed and the pellet was resuspended

in MilliQ water at the same concentration. This washing procedure was repeated upon need

to ensure that the initial ionic strength of the particle suspension was as low as possible.

The washed particle dilutions were further diluted to the desired particle concentration

and the desired amount of salt, base or acid was added. After sonicating and vortexing

the prepared particle suspensions, the samples were ready for measurements. In some cases

the particles were additionally filtered prior to measurements to remove particle aggregates.

Reference solutions were prepared at the same ionic strength or pH of the sample but without

particles. The samples were prepared in ambient conditions at room temperature. A more

exact description of the sample preparation steps for the particles used in this thesis can be

found in the sample preparation section of each chapter.

2.5.2 Sample characterization

In this thesis, the particle size distribution was determined by dynamic light scattering (DLS),

and the zeta potential ζ was measured by electrophoretic measurements (Zetasizer Nano ZS

or Zetasizer Ultra, Malvern) as described above. The pH of the samples was determined using

a pH meter (HI 5522 pH/ISE/EC bench meter and HI 1330 pH electrode, Hanna Instruments)

calibrated with the appropriate buffer solutions. In order to control the amount of salt, acid or

base added to the samples and the initial ionic strength of the washed particles in water, the

conductivity was measured by two different means: first using a conductivity meter (HI 5522

pH/ISE/EC bench meter and HI 76312 conductivity electrode, Hanna Instruments) calibrated

with the appropriate buffer solutions and second, using the conductivity obtained from the

zeta potential measurements (Zetasizer Nano ZS or Zetasizer Ultra, Malvern). Knowing the

conductivityσ, the average ionic strength, represented by the concentration of ions in solution

c, was calculated using the equivalent (molar) ionic conductivityΛm : [162]

c = σ

Λm
= σ∑

i viλi
(2.28)

Here λi are the equivalent ionic conductivities of the cations and anions present in the elec-

trolyte that were taken from Ref. [163], and vi refers to the number of moles of each ion. In

cases where the theoretical salt concentration of the sample is below 0.5 mM, the ionic molar

conductivity at infinite dilutionΛ0 can be used forΛm , whereas for a theoretical concentra-

tion above 0.5 mM, the ionic molar conductivity Λm should be calculated according to the

Debye-Hückel-Onsager equation. A more detailed description of the sample characterization

procedure employed for a particular sample used in this thesis can be found in the sample

characterization section of each chapter.
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3 Characterization of the SiO2

nanoparticle/aqueous interface

The microscopic description of the interface of colloidal particles in a solution is essential to

understand and predict the stability of these systems, as well as their chemical and electro-

chemical reactivity. However, this description often relies on the use of simplified electrostatic

mean field models for the structure of the interface, which give only theoretical estimates

of surface potential values and do not provide properties related to the local microscopic

structure, such as the orientation of interfacial water molecules. In this chapter we apply

polarimetric angle-resolved second harmonic scattering (AR-SHS) to 300 nm diameter SiO2

colloidal suspensions to experimentally determine both surface potential and interfacial water

orientation as a function of pH and NaCl concentration. The surface potential values and inter-

facial water orientation change significantly over the studied pH and salt concentration range,

whereas zeta-potential (ζ) values remain constant. By comparing the surface and ζ-potentials,

we find a layer of hydrated condensed ions present in the high pH case, and for NaCl concen-

trations ≥ 1 mM. For milder pH ranges (pH < 11), as well as for salt concentrations < 1 mM, no

charge condensation layer is observed. These findings are used to compute the surface charge

densities using the Gouy-Chapman and Gouy-Chapman-Stern models. Furthermore, by using

the AR-SHS data, we are able to determine the preferred water orientation in the layer directly

in contact with the silica interface. Molecular dynamics simulations confirm the experimental

trends and allow deciphering of the contributions of water layers to the total response.

The results presented in this chapter are adapted from Ref. [150]:

Arianna Marchioro, Marie Bischoff, Cornelis Lütgebaucks, Denys Biriukov, Milan Předota

and Sylvie Roke, „Surface Characterization of Colloidal Silica Nanoparticles by Second Har-

monic Scattering: Quantifying the Surface Potential and Interfacial Water Order“ J. Phys.

Chem. C 2019, 123, 20393-20404.

The molecular dynamics simulations in this work were performed by Denys Biriukov and

Milan Předota (University of South Bohemia, České Budějovice, Czech Republic).
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Chapter 3. Characterization of the SiO2 nanoparticle/aqueous interface

3.1 Motivation

The surface chemistry of silica is key to a large number of applications, both in research and

in industrial processes. In the past few decades, colloidal suspensions of SiO2 particles have

been extensively used for separation, heterogeneous catalysis, and as major components

of ceramics and coatings. Colloidal silica is also widely used in the food, health care and

pharmaceutical industries, as well as in the production of microelectronics components [164].

The microscopic characterization of colloidal particle interfaces with liquids is of fundamental

interest to understand the stability of these systems and their chemical and electrochemical

reactivity. In contact with water or another fluid, a solid surface usually develops a charged

layer at its surface that is compensated by a distribution of counterions in the surrounding

solution. This so-called „electrical double layer“ (EDL) has been first put forth by Helmholtz

in the 1850s and since then, many different mean field models have been proposed to describe

the structure of a solid/electrolyte interface. In such models, the often complex chemical

nature of the interface with its different structures and nonuniformity is reduced to a uniformly

charged interface, the aqueous phase is represented by a uniform dielectric, and the ions

are represented as point charges. The most frequently used model was originally proposed

by Gouy and Chapman. In their model a charged interface is in contact with an aqueous

solution in which the counterion distribution decays exponentially along the surface normal.

This layer is usually referred to as the diffuse layer (DL). Stern suggested a modification for

high charge densities, comprised of the formation of a condensed layer, or Stern layer, of

potentially hydrated counterions close to the surface [52, 57, 165]. However, in reality, the

structure and chemistry of this electrical double layer is more complex and the electrostatic

environment will depend on the local chemical nature of the surface, of the type of ions, their

solvation shells and the solvent in the first few atomic dimensions adjacent to the interface [57,

166–170]. As many of the mentioned ingredients are challenging to determine experimentally,

the microscopic description of a relatively simple interface such as SiO2/aqueous solution

remains elusive.

When considering a colloidal suspension, two parameters are most often reported, as they give

an information on the stability of the suspension. These quantities, namely surface charge

density and ζ-potential, can be measured with relatively simple experimental techniques. The

first quantity is usually determined by potentiometric titrations, [78] assuming that all the

charges in the system are confined to an outer smooth surface of the particle, which means

such a measurement gives, at best, an upper limit for the surface charge. The second one

is obtained by measuring the electrophoretic mobility. The ζ-potential is then calculated

from the mobility, assuming a sufficiently thin double layer, and it is defined as the potential

at the plane of shear, where the liquid velocity is zero. This plane is likely at some distance

outside the particle and includes both the particle plus a 0.3-1 nm thick layer of stationary

solvent and ions that can move with the particle in an electric field [71, 72, 171, 172]. However,

the ζ-potential only provides an empirical indication of the stability of colloidal suspensions.

Direct information on the surface electrostatics is obtained via the surface potential, which

in contrast to the ζ-potential, is not a trivial quantity to access experimentally [173]. The
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surface potential can be computed from applying the constant capacitor model (CC), the

Gouy-Chapman (GC) or the Gouy-Chapman-Stern (GCS) models to titration and ζ-potential

data [174] or to nonlinear optics data. Indeed, for planar SiO2/water interfaces, surface-

sensitive techniques such as SHG and sum frequency generation (SFG) have shown to provide

insight into the structure of the SiO2 double layer and water orientation at the interface, [170,

175–182] as well as values for surface potential as developed by Eisenthal and co-workers [137,

183–187]. For colloidal suspensions, the so-called „Eisenthal-chi3 method“ can be used to

estimate values for surface potential; [138, 176] however, this method is bound to the use

of a model such as the CC, GC, or the GCS one, and does not provide a unique solution for

the surface potential, as the number of unknowns in the expression exceeds the number of

independently available observables. Information about the potential drop in the EDL can

be obtained by X-ray photoelectron spectroscopy (XPS) [188]. Brown et al. have shown that

surface potential values of colloidal SiO2 particles can be obtained through XPS of a liquid

microjet, [94, 96, 97] using the charge divided energy difference between the binding energy

of the Si 2p photoelectrons in the presence of salt and the extrapolated binding energy of

the Si 2p photoelectrons at the point of zero charge. However, this measurement requires

the use of synchrotron facilities and has some intrinsic limitations due to the relatively low

signal-to-noise level. The colloid size needs to be small (ca. 10 nm diameter), and the salt

concentration high (&50 mM).

Our laboratory has recently reported an alternative way to determine the average surface

potential of colloidal particles in a solution using polarimetric angle-resolved nonresonant

second harmonic scattering (AR-SHS) measurements [113, 114, 136, 140]. AR-SHS does not

require any information on the specific structure of the interface, and only assumes exponen-

tial decay of the electrostatic potential several nanometers away from the interface. In this

all-optical approach taking advantage of nonlinear light scattering theory, the nonresonantly

scattered second harmonic (SH) light that is emitted from the particle interface and the EDL

contains enough information to determine the surface potential quantitatively. Additionally,

because of the symmetry properties of second harmonic experiments, AR-SHS also provides

another essential parameter of interfaces: molecular orientation of water molecules at the

interface. These two elements together greatly contribute to the microscopic description of

colloid/solvent interfaces.

Here, we apply polarimetric AR-SHS to 300 nm diameter SiO2 colloids suspended in aqueous

solution and extract both surface potential and interfacial molecular orientation. Polarimetric

AR-SHS experiments are performed as a function of pH and NaCl concentration. The surface

potential values, as well as the interfacial water orientation, vary drastically over the studied

pH and salt concentration range, in contrast to the ζ-potential values, which do not change

much in magnitude. Comparing the surface and ζ-potentials, we find that for high pH cases,

as well as for salt concentrations ≥ 1 mM, there is a (Stern) layer of condensed charges, forming

a capacitor with respect to the surface and causing preferential orientation of interfacial water

molecules with their hydrogens facing the particle surface. On the other hand, for pH values

below 11, as well as below 1 mM salt concentration, there is no such layer, and the interfacial

water is preferentially oriented with the oxygen atom facing the particle surface. These find-
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ings are compared to results from molecular dynamics (MD) simulations that consider the

orientation of water on a single crystalline quartz surface and agree with the experimental

results.

3.2 Materials and Methods

3.2.1 Chemicals

Sodium hydroxide (NaOH, > 99.99% trace metals basis, Sigma-Aldrich) and sodium chloride

(NaCl, > 99.999%, Sigma-Aldrich) were used as received. SiO2 colloids (300 nm diameter) were

purchased in powder form from Bangs Laboratories, Inc. Colloidal particles were washed as

described in section 3.2.2.

3.2.2 Sample preparation

All procedures described hereafter used ultrapure water (Milli Q, Millipore, Inc., electrical

resistance of 18.2 MΩ · cm). First, 50 mg of SiO2 colloidal particles were dispersed in 1 mL of

ultrapure water, sonicated for 10 min, and then diluted to 10 mL with ultrapure water and

sonicated again for 3 min. The solution was then centrifuged for 10 min at 7800 rpm (5430R,

Eppendorf) in order to sediment the colloidal particles. Then 9 mL of the supernatant were

removed, and the pellet was resuspended in the same volume of Milli Q water by vortexing,

followed by ultrasonication in an ultrasonic bath (35 kHz, 400 W, Bandelin) for 3-5 min. This

procedure was repeated twice to ensure proper washing of the SiO2 particles and removal

of any additional ions in solution coming from the synthetic procedure. The conductivity

of the washed particles was measured as described in section 3.2.3 to ensure that the initial

ionic strength of the particle suspension was as low as possible (below 2µS/cm for a sample

in ultrapure water and in equilibrium with atmospheric CO2). Particles were further diluted

to 0.1% wt. solutions (corresponding to ca. 3.5 · 1010 particles/mL). The pH and/or ionic

strength of the solution were adjusted using 0.1 or 0.01 M stock solutions of NaOH and NaCl.

The sample solutions were used without further filtering and measured on the same day.

Corresponding water references at the same pH/ionic strength where prepared for each SiO2

sample. All preparation steps and measurements were performed at room temperature, 23°C.

3.2.3 Sample characterization

The particle size distribution was determined by dynamic light scattering (DLS) and the ζ-

potential was measured by electrophoretic measurements (Zetasizer Nano ZS, Malvern). The

SiO2 colloids had a mean hydrodynamic diameter of ∼300 nm with a narrow distribution (for

most samples, polydispersity index (PDI) < 0.1). Average radii and ζ-potentials are tabulated in

parts D of Figures 3.1 and 3.2. Values for size and ζ-potential are averages of 3 measurements.

pH was measured using a pH-meter (HI 5522 pH/ISE/EC bench meter and HI 1330 pH
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electrode, Hanna Instruments) calibrated with the appropriate buffer solutions. Conductivity

values were measured to ensure that the proper amount of salt had been added to the sample.

Conductivity values were obtained by two different means: using a conductivity meter (HI 5522

pH/ISE/EC bench meter and HI 76312 conductivity electrode, Hanna Instruments) calibrated

with the appropriate buffer solutions, as well as from the ζ-potential measurements (Zetasizer

Nano ZS, Malvern). Average ionic strengths in solution were calculated using equation 2.28

as described in the sample characterization chapter 2.5.2. Below theoretical concentrations

of 0.1 mM, the ionic molar conductivity at infinite dilution was used, whereas for higher

theoretical concentrations the ionic molar conductivity, obtained through the Debye-Hückel-

Onsager equation, was used. For samples diluted in ultrapure water (no added ionic strength),

average conductivity was assumed to be solely due to protons and bicarbonate ions coming

from the dissociation of carbonic acid in water, as the volumes of solution were small enough

to always be in equilibrium with atmospheric CO2 (confirmed by pH measurements, pH 5.7).

The measured conductivity values were in agreement with the pH of a water solution fully

saturated with carbonic acid. This measurement was used in order to determine the value of

the ionic strength to be used in the fitting procedure for the sample in ultrapure water.

3.2.4 AR-SHS measurements

Second harmonic scattering measurements were performed on the same AR-SHS setup as

described in chapter 2.3.3. In this chapter, the fundamental laser wavelength was λ= 1028 nm

and the average laser power at the sample position was set to 60 mW. Before the SH light

was detected at the photomultiplier tube it had to pass an ET525/50, Chroma filter. Data

points were acquired using 30 · 1 s acquisition time with a gate width of 10 ns. The scattering

patterns were normalized according to equation 2.18 in chapter 2.3.3. All other measurement

parameters where the same as described in chapter 2.3.3.

3.2.5 Molecular dynamics simulations

To support findings obtained by AR-SHS measurements, we also carried out realistic all-atom

molecular dynamics simulations. Investigating the water orientation at SiO2/water interface,

we prepared a simulation setup consisting of two SiO2 slabs (55 Å · 39.82 Å) modeled as quartz

surfaces with (101) crystal face that were separated by a ∼55 Å thick aqueous NaCl solution.

The obtained results are averaged over both identical solid/liquid interfaces present in the

system.

The recently developed force field for quartz (101) surfaces [64] allowing simulations over

the wide range of pH values (at pH equal to the point of zero charge (∼2.5-4) and higher) has

been applied and improved to adopt the electronic continuum correction, ECC (also known as

model with scaled charges to 75% of their nominal values) [189]. The latter accounts for usually

missed solvent polarization effects in nonpolarizable force fields, which can significantly

influence interactions of charged species including charged surfaces. A general approach

how to apply ECC to the modeling of solid/liquid interfaces has been described previously
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for TiO2 systems, [190] while a study dedicated to „ECC-quartz“ force field is currently under

preparation. Note that the only modifications to the original force field [64] are modified

partial charges of surface atoms, while all other parameters remain the same. Compatible ECC

models were also used for Na+ and Cl− ions, [191] while the rigid SPC/E model of water was

employed as the solvent [192]. The charge scaling introduced by ECC significantly improves

the interactions of multivalent ions (divalent, trivalent, ...) while its effect on monovalent ions

is minor. We confirmed that the results presented here with ECC for NaCl are very similar to

those we obtained with the original force field for quartz (101) [64]. The number of surface

atoms (apart from removed silanol hydrogens to design a surface charge) and water molecules

was the same in all simulations, and only the number of Na+ and Cl− ions was varied to

compensate a negative surface charge and yield a specific bulk ionic concentration. All the

simulations were 50 ns long after 5 ns equilibration of prepared structures. Other simulations

settings were similar to those used in Refs. [64, 190].

To probe the pH and ionic concentration effects on the water orientation at the interface, we

performed two sets of simulations. In the first set, we varied a surface charge of quartz (101)

surfaces via the deprotonation of selected surface silanols as described previously [64]. The

bulk ionic concentration in these simulations was approximately constant (0.1-0.15 M). In the

second set, we compared four different ionic concentrations ranging from 0.05 to 0.31 M at

the one selected surface charge density (-0.06 C/m2). While experiments could be performed

only up to 1 mM NaCl concentration, computer simulations of a limited sample of 3745 water

molecules and dozens of ions face the opposite limitations- already just one ion pair in the

bulk region of our box generates a concentration ∼0.02 M, and we are therefore restricted

to higher bulk concentrations. We were however able to approach the ultimate limit of low

bulk concentration of the salt by modeling a system with just the number of Na+ counterions

needed to compensate the negative surface charge and no Cl− in the system. Such a system

mimics the effect of added NaOH to pure water, with all the OH− groups attached to the

surface. We admit that this setup is a bit unrealistic, as any Na+ outside of the interfacial

region makes the interfacial charge unbalanced, but it represents successfully the salt solution

close to infinite dilution.

3.3 Experimental results

Before describing the results, we briefly summarize some of the important aspects of the AR-

SHS model; more details can be found in chapter 2.3. In a nonresonant AR-SHS experiment,

the fundamental frequency of a laser beam interacts with a liquid dispersion containing

particles. In regions where the centrosymmetry of the material is broken - typically at the

interface between the particles and the liquid - SH photons at half the wavelength of the

fundamental beam will be generated. These photons are then collected as a function of the

scattering angle (θ), defined as the angle between the sum of the incoming k-vectors of the

fundamental beam and the k-vector of the scattered SH light. Under nonresonant conditions,

the second-order polarization depends on the electron density in the medium, [103] which
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implies that the SH response is of the same order of magnitude for every noncentrosymmetric

molecule in the sample. However, since the SH intensity scales quadratically with the number

density, in most cases the majority of the SH signal intensity is due to water molecules at

the interface, as the number of noncentrosymmetrically distributed surface groups is much

smaller than the number of noncentrosymmetrically distributed water molecules [183]. In an

aqueous solution, the nonresonant SHS signal then arises from the net orientational order of

water molecules along the surface normal. Two types of interactions will contribute to this

orientational order of water: The orientational order induced by electrostatic field interactions,

either at the surface or in the bulk (present in the effective third order particle susceptibility,

denoted as Γ(3)′ , and the orientational order induced by all other (chemical) interactions

confined to the particle surface plane (represented by the second-order particle surface

susceptibility Γ(2) that contains the surface susceptibility χ(2). A third type of effect could be in

principle considered, such as a reactant/product gradient along the surface normal; however,

such an effect would be mostly noticeable outside of equilibrium conditions and/or during a

chemical reaction, which is outside the scope of the present chapter. The scattered intensity

of the second harmonic can be expressed as in equation 2.8 in chapter 2.3.1. The scattered

intensity for the two independent polarization combinations PPP and PSS (the first letter

refers to the polarization state of the SH beam and the second and third letter refer to that

of the fundamental beam; P is parallel to the detector plane [114]) is given in equations 2.14

and 2.15 in the same chapter. By definition, Γ(3)′ is directly related to the surface potentialΦ0,

and χ(2) contains information about interfacial oriented water, limited to the water molecules

that experience an orientational change due to chemical interactions with the silica surface

[113]. By fitting polarimetric AR-SHS patterns in two different polarization combinations as

described by equations 2.14 and 2.15, and knowing the radius of the particle as well as the

ionic strength of the solution, unique values for both Φ0 and χ(2)
s,2 can be extracted (see Ref.

[114] and chapter 2.3 for more details). Note that all patterns are normalized with respect

to the water SSS pattern, which does not influence the value of χ(2)
s,2 orΦ0, as detailed in the

chapter 2.3.3. This ensures a comparison to other samples and experiments, and it corrects

for any change in the experimental geometry (such as small variations in beam alignment or

sample position). We also note that the model assumes an exponential decay in the diffuse

layer, [113] which is a common term for all models [193]. For the convention on the sign of

χ(2)
s,2, we use the following: Negative for water molecules with O atoms pointing toward the

surface (dipole moment pointing away from the surface) and positive for water molecules

with H atoms toward the surface (dipole moment pointing toward the surface). This sign

convention arises from a comparison with imaginary values obtained from SFG studies [154].

Parts A and B of Figure 3.1 show AR-SHS scattering patterns obtained for solutions of 300 nm

diameter SiO2 particles at different pH values. The pH was adjusted through addition of NaOH

and no additional salt was added to the solutions. Increasing pH promotes deprotonation of

the silanol groups at the surface, leading to a larger negative surface charge density of the SiO2

particles. The solid lines are fits to equations 2.14 and 2.15, and the values for all experimental

parameters used for the fits are summarized in 8.1.1 in the Appendix. The normalized SHS

intensity directly relates to the number of oriented water molecules at the interface.
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Figure 3.1 – AR-SHS patterns for silica particles in an aqueous solution. SH scattering patterns
of 300 nm diameter SiO2 particles as a function of pH in (A) PPP polarization combination
and (B) PSS polarization combination. Black plain dots: pH 11. Red plain triangles: pH 10.
Green open circles: pH 5.7. pH was adjusted through NaOH addition. The particle density was
kept constant for each sample and equal to 3.5 ·1010 particles/mL. All measurements were
performed at T = 23°C. All the parameters used for the fits, including ionic concentrations,
are summarized in Tables 8.1 and 8.2. Error bars represent the standard deviation from 30
measurements. Solid lines represent the fit to the data points using the AR-SHS model. (C,
top) Surface potential Φ0 and zeta-potential ζ. (C, bottom) Surface susceptibility χ(2)

s,2 as a
function of pH. The values are extracted from the fit of data of parts A and B, where error
bars represent error on the values as estimated from fitting the data ± standard deviation.
(D) Table summarizing the radius R, zeta-potential ζ, surface potential Φ0 and the surface
susceptibility χ(2)

s,2 for different pH conditions. Numbers in brackets pertain to measurement
errors as detailed in section 2.3.4.

Parts A and B of Figure 3.1 show an increasing normalized SHS intensity with increasing pH.

The obtained values of both Φ0 and χ(2)
s,2 from the fits of PPP and PSS patterns are plotted

in Figure 3.1 C as a function of pH. Figure 3.1 C also shows ζ-potential values measured

by electrophoretic light scattering from the same samples. All values are summarized in

42



3.4. Simulation results

Figure 3.1 D for easier comparison. The negative valued ζ-potentials are almost unchanged

from pH 5.7 to 11 (∼ -38 mV). For these particles, the isoelectric point (ζ = 0 mV) is reached

at pH= 3, as given by electrokinetic measurements. The surface potential has the same sign

as the ζ-potential. However, contrarily to the ζ-potential, the obtained surface potential

values vary as a function of pH showing two distinct behaviors: one where the ζ- and Φ0-

potentials are very close in magnitude (pH 5.7 and 10) and one where they deviate significantly.

This behavior is also shown in the obtained χ(2)
s,2 values: pH 11 shows positive values of χ(2)

s,2,

corresponding to water hydrogen atoms oriented toward the surface, while milder pHs (5.7

and 10) show negative values of χ(2)
s,2, corresponding to water hydrogen atoms oriented away

from the surface, and oxygen atoms facing the surface.

We also performed similar measurements at constant pH while varying the ionic strength.

Parts A and B of Figure 3.2 show SHS scattering patterns for solutions of 300 nm diameter

SiO2 particles at pH 10, where different amounts of NaCl were added. In this case, the surface

charge density is mainly expected to be set by the presence of NaOH and to a minor extent

by the additional Na+ ions, which can facilitate the deprotonation of surface silanol groups

through electrostatic screening and stabilization of the SiO− group [95]. On the basis of values

of surface charge densities measured for a fixed pH and different NaCl concentrations, [95]

this latter effect can be estimated to ∼10% of the total deprotonation and will depend on the

range of salt concentration and the size of the particles, as well as the nature of the cation

[187, 194]. It can be seen that the normalized SHS intensity decreases with increasing salt

concentration, indicative of a decrease in the amount of ordered water molecules around the

surface of the SiO2 particles. Figure 3.2 C shows the obtained fit values for the surface potential

and the second-order susceptibility element representative of the molecular orientation of

interfacial water.The measured ζ-potential values are also plotted. All values are summarized

in Figure 3.2 D. For the two lowest salt concentrations both potentials are similar in magnitude.

For 1 and 10 mM NaCl, however, the magnitude of the surface potential becomes much higher

than the ζ-potential. Another interesting observation is that the sign of χ(2)
s,2 changes when salt

is added. In the case where no salt is added at a fixed pH of 10, a negative sign of χ(2)
s,2 indicates

a situation where water molecules are mostly oriented with their hydrogen atoms away from

the surface. With the addition of NaCl, and even for the smallest quantity (0.1 mM), the sign of

this parameter is inverted and points to a shift in the water orientation, where the hydrogen

atoms are oriented toward the surface.

3.4 Simulation results

Computer simulations provide molecular details of the interface and help the experiment

in deciphering the contribution of oriented water molecules at a given distance from the

surface to the nonlinear optics signal (i.e., χ(2)
s,2 orΦ0). Because a model of ∼300 nm diameter

colloidal SiO2 is not available, we utilized our model of the flat (101) quartz surface (see section

3.2.5). The flat geometry is well justified by the large size of the colloidal particles, and the

terminations by silanol groups are similar in both cases, [195] though more defects must be
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Figure 3.2 – Scattering patterns of 300 nm diameter SiO2 particles in a pH 10 solution as a
function of NaCl concentration in (A) PPP polarization combination and (B) PSS polarization
combination. Black plain dots: 0 mM NaCl. Red plain triangles: 0. mM NaCl. Green open cir-
cles: 1 mM NaCl. Blue open triangles: 10 mM NaCl. pH was adjusted through NaOH addition.
The particle density was kept constant for each sample and equal to 3.5 ·1010 particles/mL. All
measurements were performed at T = 23°C. All the parameters used for the fits are summa-
rized in Tables 8.1 and 8.3. Error bars represent the standard deviation from 30 measurements.
Solid lines represent the fit to the data points using the AR-SHS model. (C,top) Semilog plot of
surface potentialΦ0 and zeta-potential ζ. (C, bottom) Surface susceptibility χ(2)

s,2 as a function
of NaCl concentration for fixed pH = 10. The values are extracted from the fit of data in parts A
and B. Error bars represent error on the values as estimated from fitting the data ± standard
deviation. (D) Table summarizing the radius R, zeta-potential ζ, surface potential Φ0, and
the surface susceptibility χ(2)

s,2 for different salt conditions. Numbers in brackets pertain to
measurement errors as detailed in section 2.3.4.

expected for amorphous and spherical particles. The density of silanol groups for perfect (101)

quartz (5.8 OH/nm2 for neutral surface, 5.1 OH/nm2 for -0.12 C/m2 negative surface [64]) is

close to the value 4.9 OH/nm2 reported for amorphous silica [196].
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The signal of each layer is proportional to the „dipole concentration“ given by a product of

the number density of water molecules, water dipole orientation (the cosine of the angle

between the water dipole vector and z-axis with positive values indicating hydrogens facing

the solid surface, i.e. as in the experiment), and the dipole moment of SPC/E water model,

which equals 2.35 D (1 D = 3.336 ×10−30 Cm). The running integral of the dipole concentration

provides an indicator for the buildup of the total SHS intensity. Indeed, the SHS intensity is

by definition given as the square of the absolute value (magnitude) of the summed nonlinear

second order and third order polarization (emitted at the second harmonic frequency). We

then assume that the sum of the dipoles in a certain volume is proportional to the second order

and third order polarization (emitted at the second harmonic frequency), and as such the

SHS intensity is proportional to the square of the running integral of the dipole concentration

[107]. The interfacial plane at z = 0 corresponds to the average position of surface silicon

atoms. MD simulations were carried out for surface charge densities 0, -0.03, -0.06, and

-0.12 C/m2. Using surface titration experiments we can link these simulations to pH ∼ 4,

8.5, 9.4, and 10.1, respectively, which allows us to compare simulation and experimental

data, though the simulation and experimental conditions cannot be matched exactly due to

differences in surface geometry. A simulation of the quartz surface in pure water is also added

for comparison.

The results obtained from the molecular dynamics simulations are summarized in Figure

3.3. The left-hand panels (A, B, C) display effects of changing surface charge density, while

the right-hand panels (E, F) display effects of changing the ionic strength at fixed surface

charge density. Figure 3.3 A shows the axial density profile of water oxygens, i.e., the laterally

averaged density of water as a function of distance from the quartz (101) surface. The axial

density of water is nearly independent of the surface charge (shown in Figure 3.3 A) and

salt concentration (not shown). The positions of the first two clearly evident water layers

are z ∼ 3.5 Å and z ∼ 6 Å, and are invariable. Figure 3.3 B shows the dipole concentration

as a function of distance for different surface charge densities. A positive value indicates

water molecule with hydrogens facing the surface, while a negative value indicate a reversed

molecular orientation with oxygens facing the surface. These features can thus be used to

connect to the sign of χ(2)
s,2. It can be seen that the curves for low charge density are more

negative, while increasing the charge density brings them up to positive values. Figure 3.3

C shows the running integral of the dipole concentration, which reaches a plateau away

from the interface, where the average orientation of water molecules is zero (isotropic). This

plateau value is an indicator of the total SH intensity and increases with surface charge density.

Figure 3.3 E shows the ionic strength dependence of the interfacial dipole orientation for a

fixed surface charge density of -0.06 C/m2, and for the salt concentration range used in the

simulations (0.05 to 0.31 M NaCl). The water orientation with hydrogens facing the surface

is less pronounced at higher concentrations, leading also to decreasing plateau values of the

running integral of the dipole concentration (Fig. 3.3 F) with salt concentration.
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Figure 3.3 – Results obtained from molecular dynamics simulations: (A) Number density of
water, (B) dipole concentration, and (C) integrated dipole as a function of distance z from the
quartz (101) surface for different surface charge densities at similar bulk ionic concentration.
(D) Snapshot of the quartz (101) surface at 0.34 M and -0.12 C/m2. (E) Dipole concentration
and (F) integrated dipole as a function of distance from the quartz (101) surface for different
bulk ionic concentrations at the same surface charge density of -0.06 C/m2.

3.5 Discussion

3.5.1 Surface potential and water orientation in low ionic strength conditions

In mild pH cases (5.7 and 10) and low ionic strength (<1 mM), the values of the surface

potential are very close to the ζ-potential values. Negative values of the ζ-potential are found

for colloidal SiO2 surfaces [95, 197, 198] as expected from the negative surface charge densities

[78, 199, 200]. As mentioned in the introduction, the slip plane where the ζ-potential is

measured is considered to be located in the first few water layers away from the surface plane

where the surface potential is measured. Therefore, with both values being very similar, it

is highly unlikely that there is any buildup of counterions close to or at the surface. This

means there is no charge condensation or Stern layer formed. By charge condensation layer,

we refer to a packed layer of ions that is at some distance away from the interface, also

known as an outer-sphere complex. We note here the specific case of direct counterion

adsorption, also referred to as an inner-sphere complex, which would lead to (partial) surface
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3.5. Discussion

Table 3.1 – σGC
0 and percentage of deprotonation as a function of pH and salt concentration

NaOH σGC
0 [mC/m2] deprotonation [%]

pH 5.7 -0.35 0.04
pH 10 -0.45 0.06

NaCl conc. at pH=10 [mM] σGC
0 [mC/m2] deprotonation [%]

0 -0.77 0.10
0.1 -1.63 0.21

charge neutralization. This surface charge neutralization effectively decreases the electric

field extending in the solution and therefore results in a reduction of the surface potential.

However, this effect is expected to be small for small concentrations of counterions in solution.

The negative values of χ(2)
s,2 are indicative of a net dipole moment pointing away from the

surface, with water molecules mainly oriented with their oxygen atom toward the surface.

This water orientation in low ionic strength conditions can be rationalized by considering the

hydrogen bonding between the silanol groups and the oxygen atom of water. This is illustrated

in Figure 3.4 A. Having established that there is no significant accumulation of counterions at

the interface, for this particular case, the simplest model that describes the relation between

surface charge and surface potential is given by the spherical Gouy-Chapman model. Ohshima

derived an approximate analytical solution for the potential distribution around a sphere with

arbitrary potential, [193] where the surface charge density is related to the surface potential by

σGC
0 = 2εr ε0κkB T

e
sinh

(
zeΦ0

2kB T

)
·
1+ 1

κR
· 2

cosh2
(

zeΦ0
4kB T

) + 1

(κR)2 ·
8ln

(
cosh

(
zeΦ0
4kB T

))
sinh2

(
zeΦ0
2kB T

)


1
2

(3.1)

where σGC
0 is the surface charge density in the spherical Gouy-Chapman model, R the particle

radius, εr the relative permittivity of the solvent (water), ε0 the permittivity of vacuum, κ the

Debye parameter, e the elementary electric charge, z the valence of ions, kB the Boltzmann

constant, and T the temperature. Knowing Φ0, we can compute σGC
0 , and the expected

degree of deprotonation. Table 3.1 shows the values for σGC
0 as a function of pH and NaCl

concentration, as well as the corresponding percentage of surface deprotonation. Table 3.1

shows that the surface charge densities for the low ionic strength regime range from -0.35

to -1.63 mC/m2, which correspond approximately to 0.04-0.2% deprotonation, assuming a

silanol density of 4.9 OH/nm2 as reported by Zhuravlev, [196] who showed that this value is

a constant for a fully hydroxylated amorphous surface and does not depend on the type of

silica. These surface charge densities values are in the range of reported values in the literature

for salt free and low salt dispersions [201, 202] and agree with the notion that the majority of

the silanol groups remain protonated [203, 204]. Thus, in mild pH conditions and low ionic

strength, only a very small fraction of the silanol groups are deprotonated, and the dominant

orientation of water dipoles in the first layer away from the surface is due to hydrogen bonding

between the protonated silanol groups and the oxygen atoms of water.
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Chapter 3. Characterization of the SiO2 nanoparticle/aqueous interface

3.5.2 Surface potential and water orientation in high ionic strength conditions

In higher pH conditions (pH 11) and with increasing amounts of NaCl (≥1 mM), we observe a

much higher magnitude for the surface potential than the ζ-potential. The distance between

the slip plane and the surface plane is 1-3 water molecules [72]. The differences ∥Φ0 −ζ ∥ of

119 mV (pH 11), 122 mV (1 mM NaCl), and 375 mV (10 mM NaCl) means that the electrostatic

field in this thin layer must be on the order of 108-109 V/m. This large electrostatic field

indicates the presence of a condensed layer of charges [72].

This hypothesis is further supported by the fact that higher values of surface potential are

found for both pH 11 and for pH 10 + 1 mM NaCl and above, which correspond to a similar

concentration of sodium ions (respectively 1 mM and 1.1 mM Na+). Such a charge condensa-

tion layer of positive counterions close to the negative surface influences water orientation.

Positive values of χ(2)
s,2 here indicate a net dipole moment with the hydrogens pointing toward

the surface, thus effectively interpreted as a net flip in the surface water orientation with

respect to the low ionic strength situation (Figs. 3.1 C and 3.2 C). This flip in water orientation

is illustrated in Figure 3.4 B and arises from the formation of a charge condensation layer

composed of hydrated sodium ions. As the hydration shells of the Na+ ions overlap with

the surface hydration layer, the Na+ ions disrupt the hydrogen bonding between the silanol

groups and the water molecules and a water layer with a net dipole moment facing the surface

results.

Having determined experimentally that here we are dealing with a Stern layer, we can compute

the charge density on the slip plane, σd , assuming that the slip plane and the outer Stern layer

coincide, using equation 3.1 and replacing Φ0 by ζ and σGC
0 by σd . Values for σd are shown

in Table 3.2. Approximating the surface of the particle and the Stern layer as two plates of a

spherical capacitor, it is also possible to use the equation describing a spherical capacitor to

relate the potential drop in the Stern layer (φGCS
drop =Φ0 −ζ) to the surface charge density at the

surface, σGCS
0 :

φGCS
drop = σGCS

0 R2

εS/Wε0

(
1

R
− 1

R +dStern

)
(3.2)

where σGCS
0 is the surface charge density in the presence of a charge condensation layer, R

is the radius of the particle, ε0 is the vacuum permittivity, and dStern is the thickness of the

capacitor. Contrary to the GC case, which assumes the permittivity of bulk water because of

the small electric fields generated at the interface, in the GCS case the higher electric fields

will orient the water dipoles and therefore change the dielectric constant of the first few layers

adjacent to the interface. Therefore, we use here εS/W as the dielectric constant at the sili-

ca/water interface (εS/W = 43) [205]. Assuming a Stern layer thickness range of 0.3 < dStern

< 0.9 nm (between one and three water molecules) one obtains a range of values for σGCS
0 ,

summarized in Table 3.2.

Table 3.2 shows that the computed surface charge densities range from -50 to -476 mC/m2 de-

pending on the choice of the Stern layer thickness. These values correspond to deprotonation

degrees between 6 and 61%. While the deprotonation value for [NaCl] = 10 mM seems high

for dStern = 0.3 nm (maximum 25% deprotonation is expected at pH 10 and 0.1 M NaCl), [95]
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Figure 3.4 – Schematic view of a SiO2/water interface for (A) Low surface charge density and
low Na+ concentration and (B) High surface charge density and high concentration of Na+

ions. In both cases the surface keeps a majority of silanol groups protonated and is overall
negatively charged. (A) Water molecules are preferably oriented with their oxygen toward the
surface. The net water dipole summed over all water molecules is then oriented away from the
surface (red arrow). (B) Water molecules are preferably oriented with their hydrogens toward
the surface. The net water dipole is oriented toward the surface (red arrow). The potential
decay profile is shown in the Gouy-Chapman (C) or Gouy-Chapman-Stern model (D). In the
first case, the ionic strength in solution is low and the surface potential decays exponentially
with distance. At higher ionic strengths, the GCS approximation is considered, where the
potential decay profile integrates two components: a steep decay associated with the strong
electric field in the charge condensation layer, known in the model as the Stern layer, and a
more gradual one at larger distances from the interface. We approximate here the potential at
the Stern plane to be equal to the ζ-potential.

all the other results are comparable to surface charge densities that have been measured by

potentiometric titrations for SiO2 particles in similar conditions, [78, 94, 199, 206] keeping in

mind that these values are strongly size-dependent below 30 nm diameter [207, 208]. Interest-

ingly, one can see that surface charge densities in both pH 11 case and the 1 mM NaCl case at

pH 10 are very similar, which is a direct result of the similar surface potential values obtained

by AR-SHS (Figs. 3.1 C,D and 3.2 C,D). Considering nearly the same concentrations of ions at
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Chapter 3. Characterization of the SiO2 nanoparticle/aqueous interface

Table 3.2 – σd , σGCS
0 and percentage of deprotonation as a function of pH and salt concentra-

tion

NaOH σd [mC/m2] dStern [nm] σGCS
0 [mC/m2] deprotonation [%]

pH 11 -3.2 0.3 -151 19.2
0.9 -50.3 6.4

NaCl conc. at pH=10 [mM] σd [mC/m2] dStern [nm] σGCS
0 [mC/m2] deprotonation [%]

1 -5.0 0.3 -155 19.7
0.9 -51.6 6.6

10 -11.5 0.3 -476 60.6
0.9 -159 20.2

these two conditions (1 mM Na+, OH− at pH 11 vs 0.1 mM of Na+, OH− + 1 mM Na+, Cl− at

pH 10), this indicates that the ionic strength and the interfacial presence of Na+ ions, is here

the main element in setting the magnitude of the surface potential.

While both base and salt treatment show a similar increase in the surface potential value,

similar surface charge densities for a given value of dStern and similar orientation of the surface

water molecules indicating the presence of a charge condensation layer, the SH intensity

change as a function of the ionic strength does show some differences, which has implications

on the thickness of this charge condensation layer. In the case of the basic treatment, the

surface charge becomes increasingly more negative with increasing NaOH addition. This

higher surface charge density is then compensated by screening by the Na+ cations, which

additionally participate in orienting the water molecules with their hydrogens facing the

surface (Fig. 3.4 B). For a higher surface charge density, we can thus expect a larger number

of water molecules to be oriented with their hydrogen facing the surface to counterbalance

for the presence of deprotonated silanols. The increase in SH signal intensity as a function of

pH (Fig. 3.1 A,B) thus reflects the electric-field induced polarization of the water molecules at

the interface as previously described for flat surfaces [137, 209]. In the case of salt addition at

fixed pH, we observe a decrease in SH intensity (Fig. 3.2 A,B) that physically corresponds to a

decrease in the number of the oriented water molecules. Such a decrease in ordered water is

then indicative of more efficient screening of the surface charge by more concentrated salt

solution and shrinking of the diffuse layer. This decrease in the amount of ordered water is al-

ready visible between 0 mM NaCl at pH 10 and 0.1 mM NaCl at pH 10, while it is not noticeable

between pH 10 and 11 when no salt is added. This indicates that the thickness of the charge

condensation layer will be dependent on the nature of the added compound (NaOH/NaCl),

most likely because of modifications of the surface charge density. Additional information

that can be extracted from the AR-SHS plots is the relative variation of the thickness of the

charge condensation layer and of the surface charge density. From equation 3.2, a decrease

in the thickness would directly result in a decrease of the magnitude of the surface potential.

However, since we observe an effective increase in magnitude of surface potential with in-

creasing salt concentration, this implies that, in this range of salt concentrations, the increase

in magnitude of surface charge density must be larger than the decrease in the charge conden-
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sation thickness. Note that at higher salt concentration (>10 mM), the opposite behavior has

been observed: [95] While the surface charge density still increases with increasing salt con-

centration, the decrease in the thickness of the charge condensation layer overall dominates,

thus resulting in a decrease of the surface potential with increasing salt concentration. In our

case, due to the limited range of stability of our colloidal suspensions, we could not explore

salt concentration ranges above 10 mM. It is also important to note that Brown et al. [95] use

particles below 10 nm diameter, and as the surface charge density is strongly size-dependent

for particles below 30 nm diameter, [207, 208] we can expect a different relative variation of

the surface charge density and the charge condensation layer thickness for different sizes

of particles, which could imply a different dependence of the surface potential on the salt

concentration. Further measurements are thus needed to test the size dependence of the

surface potential at various ionic strengths. Similarly, the surface charge density as well as

the pKa of different silanol groups is expected to change depending on the preparation of the

surface prior to the experiment, [137, 203, 210] which could be additional factors playing a role

in the observed trends for the surface potential. One last observation that can be made on the

basis of the AR-SHS results is that the transition between the low ionic strength regime, where

∥ Φ0 ∥≈∥ ζ ∥ and the high ionic strength regime, where ∥ Φ0 ∥À∥ ζ ∥, occurs for electrolyte

concentrations between 10−4 and 10−3 M, while it is generally considered for flat surfaces (as

for example metal electrodes) that the GC model can be used up to electrolyte concentrations

of 10−3 −10−2 M [50, 72, 211].

3.5.3 Comparison of AR-SHS experiment and MD simulation

We turn now to the discussion of the results obtained through simulations. Despite the fact

that simulation results for one selected crystal face of quartz surface are used when comparing

to experimental data of spherical silica nanoparticles, the trends observed in simulations

are in line with experimental findings. The lowest charge densities and salt concentrations

studied experimentally are not reachable with the MD simulations (see 3.2.5 for details), but

we still can discuss the experimental trends in the presence of only NaOH or for very small

salt concentrations with the help of the molecular picture of this model interface. Figure 3.3

A shows that there is interface induced water layering as witnessed by the two peaks at ∼3.5

and 6 Å. The orientational first peak in Figure 3.3 B can be easily connected to χ(2)
s,2, as by

definition χ(2)
s,2 contains the orientational order induced by all chemical interactions confined

to the particle surface plane. The first peak in Figure 3.3 B for surface charge densities σ= 0

and -0.03 C/m2 is negative, in agreement with negative χ(2)
s,2 observed experimentally at pH 5.7.

The negative signal at low pH is further supported by simulations of neutral quartz surface

(σ= 0 C/m2), where even the integrated dipole is very slightly negative, both for 0.06 M NaCl

solution (represented by only 4 ion pairs in the simulated system) and even more for pure

water (which is the limiting case of low salt concentration for neutral surfaces). The first peak

for σ=−0.06 C/m2 is close to zero and does not predict the negative χ(2)
s,2 seen experimentally

at pH 10 in absence of salt, but the concentration dependence of the second peak easily

explains the positive χ(2)
s,2 at larger concentrations. Finally, based on the positive first peak
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at σ = −0.12 C/m2, we predict that at very high pH values, even in the absence of salt, χ(2)
s,2

should be positive, in agreement with Figure 3.1 C for pH 11. Figure 3.3 C also agrees with

the measured SH intensity shown in Figure 3.1 A,B where increasing pH (and thus more

negative surface charge density) leads to an increase in the total SH intensity, indicative of

a larger number of overall oriented molecules. Parts E and F of Figure 3.3 capture, as much

as possible using our MD setup, the experimental drop in overall SHS intensity with salt

concentration (Fig. 3.2 A,B), indicative of more efficient charge screening and less overall

oriented water. Figure 3.3 E shows that for higher charge densities (pH) the magnitude and

sign of the first peak for a given pH is insensitive to the salt concentration. The second peak

(∼ 6 Å) and the water orientation further out displays however a decreasing magnitude with

increasing salt concentration. This behavior is also shown in the curves in Figure 3.3 F, which

overlap in the first peak but start to deviate at the second peak and gain less signal at distances

of ∼6-20 Å for higher salt concentrations. In this high concentration range (>10 mM), the

weakening of the orientation with hydrogens facing the solid with increase in concentration

also agrees with the drop in susceptibility measured experimentally from 1 to 10 mM (see

Fig. 3.2 C,D). These effects were observed for all simulated ionic concentrations and surface

charge densities. Simulations indicate Na+ (a strong sorbent) adsorbing as an inner-sphere

complex at height ∼3.5 Å, i.e., in the location of the first water layer, and also as outer-sphere

complex at distances around 5.5 Å, i.e., close to the position of the second water layer (not

shown). With increasing pH and salt concentration, the surface attains more negative charge.

While less negative surface charge can be easily compensated by a few Na+ ions, at more

negative surfaces the compensation of the surface charge is partly hindered by repulsion

among numerous adsorbed Na+ ions, leading to formation of the condensed layer further

from the surface and more negative surface potential, as deduced from the SHS data.

3.6 Conclusions

Nonlinear light scattering theory can be used to derive expressions for surface potential of

colloidal suspensionsΦ0 and interfacial water ordering in terms of the second-order suscepti-

bility χ(2)
s,2. This system of two variables can be solved by nonresonant polarimetric AR-SHS

measurements in two different polarization combinations. Φ0 and χ(2)
s,2 are obtained from

analytical expressions and therefore do not assume any model for the distribution of ions

at the interface. In this work, we report AR-SHS patterns for 300 nm diameter SiO2 colloidal

suspensions as a function of pH and NaCl concentration, and we support these data by

MD simulations of the crystal quartz (101) surface interacting with aqueous solutions. By

combining the knowledge of the parameters χ(2)
s,2 and Φ0 with ζ, which is obtained through

electrokinetic measurements, we are able to establish a description of the interface that does

not rely on a specific model for the charge distribution at the interface. Between pH values

close to neutral and 10, as well as at low salt concentration (<1 mM), our data indicate the

presence of a diffuse layer where the surface potential is very close to the ζ-potential, and

where the most favorable orientation for the interfacial water molecules is the one with the
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oxygen atom facing the silanol terminated surface. At higher pH or ionic strength (pH 11 or ≥
1 mM salt), we observe an increase in surface potential, while the ζ-potential changes very

little, indicative of the formation of a charge condensation layer. Furthermore, values of χ(2)
s,2

indicate that interfacial water adjusts its orientation following counterion adsorption, in this

case favoring hydrogen atoms facing the surface. Surface charge densities estimated through

the GC or GCS model using the measured surface potential values agree with reported values

in the literature. This validates our experimental approach where the surface potential values

can be extracted without assuming any model for the structure of the electrical double layer.

The experimental trends are nicely supported by molecular simulations, which observe that

the orientation of interfacial water increases with pH and decreases with NaCl concentration,

in accord with the intensity of the AR-SHS signal. The flipping of the dipolar orientation

of water molecules closest the surface from orientations away from the surface (prevailing

orientation due to termination of the surface by protonated silanols) at low pH to orientation

toward the surface at high pH (induced by negative surface charge and the presence of Na+

counterions), can be directly linked to the trends observed for the pH dependence of the

surface susceptibility.
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4 Characterization of the amorphous
TiO2 nanoparticle/aqueous interface

Colloidal nanoparticles exhibit unique size-dependent properties differing from their bulk

counterpart, which can be particularly relevant for catalytic applications. To optimize surface-

mediated chemical reactions, the understanding of the microscopic structure of the nanopar-

ticle/liquid interface is of paramount importance. Here we use polarimetric angle-resolved

second harmonic scattering (AR-SHS) to determine surface potential values as well as inter-

facial water orientation of ∼100 nm diameter amorphous TiO2 nanoparticles dispersed in

aqueous solutions, without any initial assumption on the distribution of interfacial charges.

We find three regions of different behavior with increasing NaCl concentration. At very low

ionic strengths (0-10µM), the Na+ ions are preferentially adsorbed at the TiO2 surface as inner-

sphere complexes. At low ionic strengths (10-100µM), a distribution of counterions equivalent

to a diffuse layer is observed, while at higher ionic strengths (>100µM), an additional layer

of hydrated condensed ions is formed. We find a similar behavior for TiO2 nanoparticles in

solutions of different basic pH. Compared to identically sized SiO2 nanoparticles, the TiO2

interface has a higher affinity for Na+ ions, which we further confirm with molecular dynamics

simulations. With its ability to monitor ion adsorption at the surface with micromolar sensitiv-

ity and changes in the surface potential, AR-SHS is a powerful tool to investigate interfacial

properties in a variety of catalytic and photocatalytic applications.

The results presented in this chapter are adapted from Ref. [151]:

Marie Bischoff, Denys Biriukov, Milan Předota, Sylvie Roke and Arianna Marchioro, „Sur-

face Potential and Interfacial Water Order at the Amorphous TiO2 Nanoparticle/Aqueous

Interface“ J. Phys. Chem. C 2020, 124, 10961-10974.

All the molecular dynamics simulations in this chapter were carried out by Denys Biriukov

and Milan Předota (University of South Bohemia, České Budějovice, Czech Republic).
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4.1 Motivation

Titanium dioxide (TiO2) is a semiconductor material with high physical and chemical stability,

[212, 213] which makes it particularly interesting for use in aqueous environments. Titania has

a broad range of applications: It is widely used as white pigment in paints, in food coloring,

and in cosmetics and personal care products, such as sunscreen and toothpaste [214–216].

Furthermore, TiO2 is a well-known photocatalyst, used among others in environmental re-

mediation through photocatalytic wastewater treatment, [217–220] as building material for

self-cleaning glass, [218, 221, 222] and for energy applications, such as photocatalytic water

splitting [6, 223, 224]. The understanding of the surface chemical reactivity of TiO2 is key to de-

velop highly efficient, low-cost, and environmentally friendly photocatalytic devices. Thus, it is

of fundamental interest to understand the microscopic structure of this semiconductor-liquid

interface and how it is affected by the composition of the surrounding aqueous environment.

As colloidal nanoparticles possess a high surface to volume ratio, which is beneficial in order

to enhance surface-mediated chemical reactions, they are an attractive and relevant system to

study in this context. Colloids in water or another fluid are stable in solution if they develop

a charged layer at their surface so that the repulsive forces between the particles are strong

enough to prevent aggregation or flocculation (Sterical stabilization is also possible but will

not be discussed here as it requires the use of nonionic macromolecules). The surface charge

of the particles depends on the pH and ionic strength of the aqueous environment and is

compensated by counterions in the surrounding solution [71, 193]. This charged surface

together with its counterions is called the „electrical double layer“ (EDL). The EDL plays a

fundamental role in driving physical and chemical processes at the interface. However, a

complete picture of the EDL is still missing. Multiple models describing the EDL have been

put forward, which usually simplify the complex structure of the interface by assuming a uni-

formly charged interface, by reducing the aqueous environment to a uniform dielectric, and

by representing ions as point charges. A model frequently referred to is the Gouy-Chapman

model in which the counterions are distributed in the fluid surrounding a charged surface

in such a way that the potential inside the electrolyte decays exponentially [71, 213]. This

charge distribution inside the EDL is called the diffuse layer (DL). As this model fails for high

charge densities of counterions near the interface, a modification was proposed by Stern,

which involves the formation of a layer of hydrated counterions at the surface, the so-called

„Stern layer“. This layer of countercharges close to the charged surface is expected to act like a

parallel plate capacitor, causing a steep linear potential drop within the Stern layer [52, 57,

71, 72, 213]. Nevertheless, a complete realistic description of the EDL remains challenging, as

the electrostatic environment of the interface depends on many factors, such as individual

material properties comprising the local chemical nature of the surface, the amount and the

type of ions as well as their solvation shells, and the behavior of the solvent, for example

the orientation of water molecules at the interface [50, 57, 71, 213, 225–229]. Most of those

parameters are difficult to access experimentally, especially without using the assumptions

implied by the presented models [50].
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The simplest approach to investigate the EDL is to use techniques measuring electrokinetic

mobilities. The velocity of a suspension of particles in an applied electric field is measured

and can be converted into zeta potential via the Hückel or Smoluchowski equation [57, 71, 72,

230]. In a simplified picture, [172] the zeta potential is the potential at the boundary between

the solvent shell of ions and water molecules moving with the particle when an electric field is

applied and the rest of the static solution. This boundary is commonly termed the shear plane.

However, as the shear plane is presumed to be situated 0.3 to 1 nm away from the charged

particle surface, [57, 71, 72] the knowledge of the zeta potential alone does not provide a full

picture of the electrostatic environment of the investigated sample. In order to have a more

complete picture of the EDL, one can also measure the surface charge density of the particle,

which can be obtained by potentiometric titrations [73–77]. Yet this technique requires larger

quantities of sample (on the order of hundreds of milligrams) and assumes that ions only

adsorb on the surface (i.e., the sample is nonporous [73] therefore providing, at best, an upper

limit for the surface charge density.

A more direct indicator of the electrostatic environment around a charged particle in a solu-

tion is the surface potential. With current experimental methods, this is a rather complicated

parameter to access. Kelvin probe force microscopy (KPFM) can probe surface potentials of

semiconductor/air or semiconductor/vacuum interfaces on flat surfaces. In this case, the

surface potential is defined as the work function difference of the semiconductor surface

and the metal tip probing the surface [82]. However, applying this technique to solid/liquid

interfaces brings up practical challenges [86, 87] and is not to date applicable to particles

in a solution. So far, a method that has been proved to be suitable for the measurement of

surface potential of particles in aqueous environments is X-ray photoelectron spectroscopy

(XPS). XPS measurements were done on colloidal SiO2 particles in a liquid microjet by Brown

et al., [94–97] assigning the charge divided binding energy difference between the Si 2p photo-

electrons in an environment containing salt and the Si 2p photoelectrons at the point of zero

charge to the value of the surface potential. Nevertheless, this method requires small-sized

colloidal nanoparticles (∼3-20 nm) and high salt concentrations of approximately >10 mM,

in addition to synchrotron facilities. First ambient pressure XPS studies on anatase TiO2

particles in a liquid jet were performed by Makowski et al., [231] examining the role of surface

charge in the electronic surface band bending of the semiconductor particles in contact with

an electrolyte. Soft X-ray photoelectron spectroscopy measurements with a liquid microjet

were also applied to anatase TiO2 particles in another study by Ali et al. to investigate the

interaction between specific surface sites and water molecules in the aqueous environment

in different pH conditions [232]. However, to the best of our knowledge no direct surface

potential measurements have been performed on TiO2 particle dispersions until now.

Second-order nonlinear optical techniques are suitable to study processes at surfaces and

interfaces of centrosymmetric systems as second harmonic generation (SHG) is forbidden in

centrosymmetric and isotropic media and therefore the signal arises only from the noncen-

trosymmetric regions at the interface [100–103]. Nonlinear second-order scattering was used

to obtain information about the interfacial properties of particles in liquids by the Eisenthal

group, [117] including TiO2 particles [118]. A first attempt to measure the surface potential
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of particles in a solution was done in the same group [138]. The authors collected SHG of

polystyrene sulfate spheres with a wide collection angle in the forward scattering direction

and extracted the surface potential by fitting their data to the Gouy-Chapman model. In a

more recent work, Yang et al. [119] were the first to measure resonant angular-resolved sec-

ond harmonic scattering (AR-SHS) patterns from polystyrene colloids with surface-adsorbed

malachite green in water. The angular-dependent scattering pattern is strongly polarization-

dependent and holds information about the size and shape of the particles [119–121].

We recently showed the universal applicability of polarimetric angle-resolved second harmonic

scattering (AR-SHS) in nonresonant conditions to extract values for the surface potentialΦ0

of a particle with respect to bulk liquid, [113, 114, 136, 140, 150] with no a priori theoretical

treatment to model the distribution of charges in the electrical double layer. Furthermore,

AR-SHS enables one to obtain absolute values for the surface susceptibility χ(2)
s,2, which con-

tains information about the orientation of interfacial water molecules. This nonresonant

SHS technique has the advantage of being noninvasive and performed at ambient pressure

on particles of a broad size range that are directly dispersed in a solution. In this work, we

apply AR-SHS to semiconductor particles, showing how the surface potential and surface

susceptibility of ∼100 nm diameter amorphous TiO2 particles evolve as a function of NaCl and

pH. Three different regions can be identified with increasing ionic strength. We compare the

results to SiO2 particles of the same size investigated in different ionic strength conditions. Our

findings are further supported with molecular information gathered by molecular dynamics

(MD) simulations. The knowledge of surface potential and surface susceptibilty, together

with the zeta potential and MD simulations, allow us to get a deeper understanding of the

microscopic structure of the EDL around colloidal TiO2 and SiO2 in different salt and pH

conditions.

4.2 Materials and Methods

4.2.1 Chemicals

Sodium hydroxide, (NaOH, > 99.99% trace metals basis, Sigma-Aldrich) and sodium chloride

(NaCl, > 99.999%, abcr GmbH) were used as received. TiO2 colloids (∼100 nm diameter) were

purchased already dispersed in solution from Corpuscular Microspheres Nanospheres (2.5%

w/v). The purity of the sample and the absence of stabilizing surfactants was verified by

elemental analysis (1.04% C, 0.31% H, and 0% N). The residual carbon is likely to be due to a

small amount of dissolved CO2 or residual impurities from the synthetic process. Furthermore,

the elemental analysis results of the stock solution are similar to the ones obtained for a

TiO2 sample in powder form with 99.9% purity from a different manufacturer (US Research

Nanomaterials, with elemental analysis 1.1% C, 0% H, and 0% N). This confirms that no sizable

amount of surfactants is present in the as received particle suspension (before the washing

process). SiO2 microspheres of 100 nm diameter were purchased from Polysciences, Inc. (5.9%

w/w). The SiO2 and TiO2 particles were washed as described in section 4.2.2.
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4.2.2 Sample preparation

All procedures described hereafter used ultrapure water (Milli-Q, Millipore, Inc., electrical

resistance of 18.2 MΩ · cm). The 2.5% w/v stock solution of colloidal TiO2 particles was

sonicated in an ultrasonic bath for 30 min (35 kHz, 400 W, Bandelin) and vortexed 2 min prior

to usage. The stock was then diluted in water to a 0.5% w/v solution, where the particles were

stabilized by addition of NaOH up to a final concentration of 80µM. The 0.5% w/v dilution was

then further sonicated for 10 min and vortexed 2 min. In order to remove residual ions from the

synthetic procedure, nanoparticles were then collected via centrifugation and resuspended

in Milli-Q water at the same concentration of 0.5% w/v. The pellet was resuspended by

vortexing 5 min and sonicating for 10 min. The conductivity of the washed particles was

measured as described in the section 4.2.3 to ensure that the initial ionic strength of the

particle suspension was as low as possible. The TiO2 particles were further diluted to 0.05%

w/v solutions (corresponding to approximately 4.3 · 1011 particles/mL) containing the desired

amount of NaOH or NaCl. The pH or ionic strength of the solutions was adjusted using 0.1 mM

or 1 mM solutions of NaOH and NaCl. The 0.05% w/v solutions were vortexed 2 min and

sonicated 10 min, then filtered using four 0.2µm PES syringe filters (Filtropur Sarstedt) per

10 mL tube to remove particle aggregates. We quantified the percentage of aggregates in the

0.05% w/v dilution by dynamic light scattering experiments and find this number to be very

small (0.3% of the total number of particles), indicating that only a small fraction of the sample

is lost through the filtering process. After filtering, each sample was sonicated another 10 min

and vortexed 2 min. The sample stability over time is dependent on the salt concentration

and pH, usually with particles remaining in suspension for several days. However, in order

to keep consistent experimental conditions, the TiO2 suspensions were always prepared and

measured on the same day. Corresponding water references at the same pH and ionic strength

were prepared for each TiO2 sample. For SiO2 particle suspensions and references a similar

preparation procedure was employed. The particles were washed twice, but no additional

NaOH was added. The SiO2 stock solution was diluted to a 0.06% w/v solution (corresponding

to approximately 2.9 · 1011 particles/mL) containing the desired amount of NaOH or NaCl.

No filtering of the particles was necessary. All preparation steps and measurements were

performed at room temperature.

4.2.3 Sample characterization

The particle size distribution was determined by dynamic light scattering (DLS), and the zeta

potential was measured by electrophoretic measurements (Zetasizer Nano ZS, Malvern). After

the filtering process, the TiO2 colloids had a mean hydrodynamic diameter of ∼120 nm with

a uniform size distribution (for most samples, polydispersity index (PDI) ≈ 0.1). The SiO2

particles had a mean hydrodynamic diameter of ∼125 nm with a uniform size distribution

(polydispersity index (PDI) < 0.05). Average radii and zeta potentials are given as the average

of 3 measurements. The pH of the samples was determined using a pH meter (HI 5522

pH/ISE/EC bench meter and HI 1330 pH electrode, Hanna Instruments) calibrated with the
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appropriate buffer solutions. In order to control the amount of salt added to the samples and

the initial ionic strength of the washed TiO2 particles in water, the conductivity was measured

by two different means: first using a conductivity meter (HI 5522 pH/ISE/EC bench meter and

HI 76312 conductivity electrode, Hanna Instruments) calibrated with the appropriate buffer

solutions and second, using the conductivity obtained from the zeta potential measurements

(Zetasizer Nano ZS, Malvern). The average ionic strength was calculated from the conductivity

using equation 2.28 as further detailed in the sample characterization chapter 2.5.2. For all the

samples considered here with a salt concentration below 0.5 mM, the ionic molar conductivity

at infinite dilution Λ0 was used for Λm . For concentrations above 0.5 mM, the ionic molar

conductivityΛm as calculated from the Debye-Hückel-Onsager equation was used.

For TiO2 samples diluted in ultrapure water where no salt was added, the average conductivity

was assumed to be due to residual Na+ and OH− ions from the preparation process. The

measured conductivity values of washed and filtered samples at pH 7 without additional salt

of the same particle batch varied from 9.7 to 11.3µS/cm (corresponding to an ionic strength

of 3.9 · 10−5 and 4.6· 10−5 mol/L). This conductivity, attributed to residual Na+ and OH− ions

in solution, was subtracted from the conductivity measured for TiO2 samples where salt was

added in order to calculate the pure contribution of Na+ and Cl− ions to the ionic strength

of the solution. The total ionic strength value of the samples used in the fitting procedure

includes the ionic strength originating from the Na+ and Cl− ions, as well as the residual Na+

and OH− ions.

4.2.4 AR-SHS measurements

The Second harmonic scattering in this chapter measurements were performed on the same

AR-SHS setup as described in chapter 2.3.3. Here, the fundamental laser wavelength was

λ= 1028 nm and the average laser power at the sample position was set to 80 mW. Before the

SH light was detected at the photomultiplier tube it had to pass an ZET514/10x, Chroma filter.

Data points were acquired using 20 · 1.5 s acquisition time with a gate width of 10 ns. The

scattering patterns were normalized according to equation 2.18 in chapter 2.3.3. All other

measurement parameters where the same as described in chapter 2.3.3.

4.2.5 Molecular dynamics simulations

TiO2 was modeled as a negatively charged (-0.104 C/m2) hydroxylated rutile (110) surface,

[190] because dissociative adsorption of water dominates at high pH with estimated 65%± 15%

first-layer water dissociation in rutile-RbCl solution at pH 12 [233]. At the rutile-deionized

water interface, this fraction was estimated as 30%± 15%; [233] however, the realistic scenario

even for neutral surfaces is that adsorbed cations promote deprotonation of surface groups.

A recent STM study found that the dissociative form of water is more stable than associated

water molecules [234]. SiO2 was modeled as a negatively charged (-0.12 C/m2) quartz (101)

surface with singly coordinated silanol groups [64].

Water was modeled as rigid SPC/E, [192] whereas parameters for Na+ ions were taken from the
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literature [191]. All employed models utilize the electronic continuum correction (ECC) theory,

[189] which in a mean-field way incorporates electronic polarization effects into classical,

nonpolarizable MD simulations. Other technical details of the simulations are the same or

similar to those in section 3.2.5 and 4.2.5 and Refs. [64, 150, 190].

4.3 Results and Discussion

4.3.1 Surface potential and water order in different ionic strength conditions

Part A of Figure 4.1 shows AR-SHS patterns of colloidal ∼100 nm diameter amorphous TiO2

particles in two different polarization combinations (PPP and PSS). The scattering patterns

were measured for different concentrations of NaCl ranging from 0 to 300µM.

Both PPP and PSS AR-SHS patterns show a decrease of the normalized SHS intensity with

increasing salt concentration. At a higher ionic strength, more counterions will be situated

in proximity of the charged interface of the particle, leading to a reduced penetration of the

electrostatic field EDC in the electrolyte solution. As a consequence, the volume of the overall

probed water shell around the particles is reduced, resulting in a lower SHS intensity with in-

creasing ionic strength. The solid lines represent the fit of the corresponding data points using

the AR-SHS model described in section 2.3.1. The results of the fits for the surface potentialΦ0

and the surface susceptibility χ(2)
s,2 as a function of added NaCl are shown graphically in Figure

4.1 B and are given in Table 4.1. Tables 8.4 and 8.6 (Appendix) summarize all the parameters

used for the fitting. Note that the radius obtained through DLS measurements indicated in

Table 4.1 is slightly larger than the nominal radius of the particles.

The zeta potential ζ of the TiO2 samples in different ionic strength conditions is presented in

Figure 4.1 B for comparison to the surface potential. The zeta potential is a common measure

for the stability of a particle suspension, and in a simplistic view values around ±30 mV are

generally indicative of stable suspensions [235]. In reality, colloidal suspension stability limits

are material-specific and depend on more complex dispersion interactions [236]. The isoelec-

tric point (ζ= 0) was determined through electrophoretic mobility measurements and is close

to pH 4 for the here used colloidal ∼100 nm diameter amorphous TiO2 particles. It can be seen

that the zeta potential does not change in magnitude and remains between -24 mV and -30 mV,

whereas the surface potential varies from -12 mV to -326 mV in the investigated ionic strength

range. For the behavior of the surface potential, three different regions can be identified: (i)

0-10µM NaCl, where |Φ0| > |ζ|, (ii) 10-100µM NaCl, where |Φ0| ≈ |ζ|, and (iii) above 100µM

NaCl where |Φ0|À |ζ|. At the same time, the surface susceptibility shown in the bottom part of

Figure 4.1 B changes in sign between 10 and 50µM NaCl. Negative values of χ(2)
s,2 indicate that

the net dipole moment of water molecules points away from the surface (oxygens toward the

surface), while positive values of χ(2)
s,2 indicate that the average orientation of water molecules

is with their dipole moment facing the surface (hydrogens toward the surface).

As all the ionic strength measurements were carried out at pH 7, above the isoelectric point of

the TiO2 particles, some surface groups are deprotonated in an amount corresponding to the

surface charge density [72, 237]. We estimate the deprotonation to be between 1% and 8% at
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Figure 4.1 – (A) AR-SHS patterns of amorphous ∼100 nm diameter TiO2 particles as a function
of ionic strength at pH 7 in PPP polarization combination (top) and PSS polarization combi-
nation (bottom). Plain data points of different colors represent different salt concentrations
of the aqueous environment. The ionic strength was adjusted through NaCl addition. The
particle density was kept constant for each sample and equal to 4.3 · 1011 particles/mL. All
measurements were performed at T = 296.15 K. Solid lines represent the fits to the correspond-
ing data points using the AR-SHS model. A summary of all the parameters used for the fits
can be found in Tables 8.4 and 8.6. (B) Surface potentialΦ0 (dark red diamonds), and surface
susceptibility χ(2)

s,2 (gray triangles) as a function of ionic strength. Φ0 and χ(2)
s,2 were obtained by

fitting the corresponding AR-SHS patterns of ∼100 nm diameter amorphous TiO2 particles
in suspension in PPP and PSS polarization combination (see panel A). The light red squares
represent the zeta potential values ζ, measured for the different ionic strength conditions
using electrophoretic mobility measurements.

pH 7 using surface charge density values from the literature (see section 8.2.1 in Appendix).

This estimation is only meant as a guidance as very different surface charge density values

have been reported by different groups [74–77]. These values can greatly differ depending on

the size, [74, 207, 208] the surface roughness, [238] and the crystal phase of the particles, [212]

as well as the synthetic procedure. For the less known amorphous phase, no record of surface

charge density values could be found so far. Our results show negative values of zeta potentials,

as anticipated for a negatively charged surface. In the very low ionic strength range (0-10µM

NaCl), where |Φ0| > |ζ|, we observe that the magnitude of the surface potential decreases until

a value of the same magnitude of the zeta potential is reached (see Fig. 4.2 A,B). We assign this

behavior as arising from positively charged Na+ ions that directly adsorb at the deprotonated

Ti-O− surface groups of the colloids (inner-sphere complex), as illustrated in Figure 4.2 B.
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Table 4.1 – Surface potentialΦ0 and surface susceptibility χ(2)
s,2 values that were obtained by

fitting the AR-SHS patterns of ∼100 nm diameter amorphous TiO2 nanoparticles in aqueous
solutions of different NaCl concentrations at pH 7. The radius R was measured by DLS, and
the zeta potential ζ was obtained from electrophoretic mobility measurements.

added NaCl [µM] R [nm] ζ [mV] Φ0 [mV] χ(2)
s,2 [10−24 .m2

V ]

0 59 ± 21 -24 ± 21 -182 ± 130 0-8.1 ± 0.4
10 60 ± 19 -27 ± 20 -57 ± 23 -39.6 ± 0.5
50 60 ± 19 -25 ± 17 -12 ± 19 -46.1 ± 2.7

100 60 ± 15 -26 ± 20 -57 ± 40 -45.3 ± 6.9
300 59 ± 28 -30 ± 22 -326 ± 163 0-94.1 ± 16.3

Because of the reduction of the effective negative surface charge by the adsorbed counterions,

the magnitude of the surface potential will decrease accordingly. Additionally, in this ionic

strength region, the surface susceptibility is negative, which indicates that the interfacial

water molecules are oriented with their net dipole moment away from the surface (oxygens

toward the surface). This behavior can be explained by hydrogen bonding between the oxygen

atoms of the water molecules and the hydroxyl surface groups of the TiO2 particles. Note

that we chose a hydroxylated model of the TiO2 surface as illustrated in Figure 4.2; however

our conclusions would remain the same for a nonhydroxylated surface, where the oxygen

atom of a water molecule could interact with an undercoordinated Ti surface site. While the

surface structure and adsorption of the first monolayer of water has been the object of many

debates, [239–241] it is beyond the scope of this study to clarify the exact configuration of

the first layer of water molecules at the surface, which is furthermore very dependent on the

crystal structure, the presence of surface defects, the sample preparation procedure, and the

experimental conditions. Here, the main contribution to the measured surface susceptibility

is due to the average dipole of all the water molecules that have a chemical type of interaction

with the surface (i.e., not induced by the electric field), with the advantage of easily distinguish-

ing changes in average water orientation as a function of ionic strength, as further detailed

hereafter.

In the low ionic strength region (10-100µM NaCl), the surface potential reaches a minimum

in magnitude and is close to zero. This suggests that once all the favorable sites have been

occupied by direct adsorption of the counterions, further addition of salt does not affect the

surface potential and thus the surface charge density in this concentration range. Our exper-

iment cannot provide insights on the nature of these favorable sites. However, it evidences

that only a fraction of the deprotonated hydroxyls is occupied by direct adsorption of Na+, as

complete coverage would result in a neutral particle (Φ0 = 0), which could not be stable in

suspension and would agglomerate. Furthermore, the surface potential remains very close

to the zeta potential up to 100µM NaCl. As the zeta potential is considered to be located a

few water layers away from the surface, [57, 71, 72] a value of surface potential close to the

zeta potential suggests that there are no mobile counterions accumulated between the shear

plane and the surface but that they are rather distributed in solution. In the Gouy-Chapman

model, this would be equivalent to a diffuse layer forming around the TiO2 particles, which
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Figure 4.2 – EDL around a TiO2 particle surface and the corresponding surface potentialΦ0

and zeta potential ζ over the distance to the surface (A) with no added salt and under (B)
very low ionic strength, (C) low ionic strength and (D) high ionic strength conditions. The
particle surface is approximated to a flat surface for clarity, and no anions are displayed. The
mean orientation of water molecules in direct proximity of the slightly deprotonated surface is
given by the net dipole moment pointing away or toward the surface, reflecting average water
orientation with the hydrogens away (A, B) or toward (C, D) the surface. Scheme B displays
the direction of the net dipole moment before the sign of the surface susceptibility χ(2)

s,2 flips to

positive values, while scheme C shows the net dipole moment after the χ(2)
s,2 flip. The surface

potential Φ0 is the potential difference between the potential at the surface of the particle
φs and the potential of the bulk solution φb . Note that this schematic illustration shows the
magnitudes of the previously mentioned potentials. ζ is the potential at the shear plane. In
this simplistic scheme, the Stern plane is approximated to be equal to the shear plane in the
high ionic strength situation where a condensed layer of counterions is formed in panel D.

is illustrated in Figure 4.2 C. At the same time, we observe a change in sign of the surface

susceptibility between 10µM and 50µM of added NaCl. This reflects a change in orientation

of the water molecules situated directly at the interface, as the surface susceptibility describes

the orientational order induced by all (chemical) interactions confined to the particle surface

plane (see Materials and Methods). The average surface molecular directionality changes from

the net dipole moment pointing away from the surface (oxygens toward the surface) to the net

dipole moment pointing toward the surface (hydrogens toward the surface). Therefore, it can
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be argued that, above a certain threshold, the presence of Na+ near the interface is responsible

for the change in directionality of interfacial water. This phenomenon can be rationalized

by the rearrangement of the H-bonding network between the Ti-OH groups and the surface

water molecules caused by the Na+ ions.

In the higher ionic strength region above 100µM NaCl, where |Φ0|À |ζ|, we observe a strong

increase in magnitude of the surface potential with salt concentration. This large deviation

from the zeta potential suggests the formation of a condensed layer of ions at the interface,

which is further supported by the observation of the drastic reduction in the SHS intensity.

This charge condensation layer is also predicted by the Gouy-Chapman-Stern model, where

the steep potential drop in the very first interfacial layers is approximated to the linear poten-

tial drop in a parallel plate capacitor. Taking the distance between the surface and the zeta

potential plane to be between 0.3 and 0.9 nm (1-3 water molecules), [57, 71, 72] the electric

field can be estimated here to be ∼ 3 ·108 to 1 ·109 V/m for an ionic strength of 300µM NaCl.

This large value of the electric field in the interfacial region provides additional evidence of

the presence of a condensed layer of ions. The latter is schematically illustrated in Figure 4.2

D. Note that in this case the ions cannot be directly adsorbed at the TiO2 surface. The absence

of water molecules between the negatively charged surface and the counterions would lead to

charge neutralization and a consequent decrease in surface potential, as already observed for

the very low ionic strength case. As such, the ions are present as outer-sphere complexes and

likely have one or more layers of water between them and the surface.

The surface susceptibility has a positive sign in this higher ionic strength region. As a conse-

quence, the net dipole moment of the interfacial water is oriented toward the surface with

the hydrogen atoms facing the surface. This behavior further confirms the presence of a

condensed layer of positively charged ions at the interface. Analogously to the previous case,

we expect the net dipole moment to be influenced by the rearrangement of the H-bonding

network between the surface hydroxyl groups and the interfacial water molecules, caused by

Na+ ions, as well as by the presence of additional oriented water molecules belonging to the

Na+ hydration shell.

Both the diffuse region and the condensed layer region have been previously experimentally

determined by our group for 300 nm diameter SiO2 particles, [150] exhibiting a similar increase

in the surface potential magnitude for NaCl concentrations between 0.1 and 10 mM [150].

However, the direct counterion adsorption was not observed in that case, most likely because

the initial ionic strength of the nanoparticles was higher (0.1 mM vs tens of micromolar here).

We further speculate that a similar trend in surface potential versus ionic strength would be

observed for smaller nanoparticles. In this case, it is reasonable to expect the minimum in the

magnitude of the surface potential to be shifted to higher ionic strengths, as surface charge

densities have been shown to be size-dependent for TiO2 particles below 25 nm, with the

magnitude of the surface charge density increasing with decreasing size [74]. Interestingly,

Brown et al. [95] reported values for surface potential and Stern layer thicknesses for 9 nm

SiO2 particles for higher salt concentrations (≥0.01 M NaCl), showing that surface potential

values decrease with increasing salt concentration. This opposite behavior with respect to

our observation of increasing surface potential in the 100-300µM range is related to different
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Chapter 4. Characterization of the amorphous TiO2 nanoparticle/aqueous interface

relative variations of the surface charge density and of the condensed layer region thickness

and has been discussed in detail in chapter 3 and Ref. [150].

4.3.2 Surface potential and water order in different pH conditions

In order to investigate the influence of different surface charge densities on the molecular

water order and the surface potential, similar AR-SHS measurements were performed as a

function of pH. The initial TiO2 dispersion in water prior to pH adjustment had a pH = 7,

and no additional salt was added. The sample pH was varied by addition of NaOH. Addition

of NaOH to the particle suspension results in a more negatively charged surface. In our

experiment, the pH range was limited to 7 ≤ pH ≤ 10.7 because the signal-to-noise ratio of

the SHS patterns was too low for pH > 10.7. For 4 < pH < 7, where HCl is added to the TiO2

dispersion, but the particle surface remains negatively charged (as the isoelectric point is at

pH= 4, and here as first approximation the isoelectric point can be considered equal to the

point of zero charge), no SHS patterns could be obtained due to particle aggregation that

occurs close to the isoelectric point. The acidic pH range below the isoelectric point, where

the surface is positively charged, was not experimentally accessible: With addition of HCl, the

particles were unstable between 3≤pH≤4 and the signal-to-noise ratio of the SHS patterns

was too low for pH< 3. The results for the AR-SHS patterns of colloidal ∼100 nm diameter

amorphous TiO2 at different basic pH are shown in part A of Figure 4.3. It can be seen that

the normalized SHS signal decreases with increasing pH for both polarization combinations,

as also observed for increasing salt concentrations in Figure 4.1 A, which reflects a smaller

number of oriented water molecules. Figure 4.3 B shows the surface potential Φ0 and the

surface susceptibility χ(2)
s,2 as a function of the pH of the aqueous environment. A list of the

exact values can be found in Table 4.2. A summary of all the parameters used for the fitting

is given in Tables 8.4 and 8.7 (Appendix). Despite our limited pH range, the three behaviors

found in Figure 4.1 are also seen here: Close to pH 7, the magnitude of the surface potential

Φ0 is larger than the zeta potential. For more basic pH (9.5), the surface potential decreases in

magnitude and becomes comparable to the zeta potential. For the highest pH investigated

here the surface potential increases again in magnitude. A change of sign in the surface

susceptibility is observed between pH 9.5 and pH 10.7, indicative of the reorientation of

the net dipole moment of interfacial water molecules from oxygens facing the surface to

hydrogens facing the surface.

Between pH 7 and pH 11, the surface charge of the colloids is expected to be increasingly

negative due to deprotonation of hydroxyl groups at the surface, while the same counterion

(Na+) is expected to interact with the negatively charged groups. As for the neutral pH case,

we can estimate the approximate percentage of deprotonation at pH = 9.5 using surface

charge density values from the literature (see 8.2.1 in Appendix) and find it to be between

10% and 35%. This indicates that while the surface is approximately three to ten times more

charged than at pH = 7, the majority of the surface groups remain protonated. Given the

similarities with the results as a function of ionic strength, we assign these findings to the

same mechanisms of counterion adsorption (for pH 7 to pH 9.5), the creation of a diffuse
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Figure 4.3 – (A) AR-SHS patterns of amorphous ∼100 nm diameter TiO2 particles in solutions
of different pH in PPP polarization combination (top) and PSS polarization combination
(bottom). Plain data points of different colors represent different pH conditions of the aqueous
environment. For pH values above 7, the pH was adjusted through NaOH addition. The
particle density was kept constant for each sample and equal to 4.3 · 1011 particles/mL. All
measurements were performed at T = 296.15 K. Solid lines represent fits to the corresponding
data points using the AR-SHS model. A summary of all the parameters used for the fits can
be found in Tables 8.4 and 8.7. (B) Surface potential Φ0 (dark red diamonds), and surface
susceptibility χ(2)

s,2 (gray triangles) as a function of pH as they were obtained by fitting the
corresponding AR-SHS patterns of 100 nm diameter amorphous TiO2 particles in suspension
in PPP and PSS polarization combination (see panel A). The light red squares represent the
zeta potential values ζ that were measured for the different pH conditions of the aqueous
environment using electrophoretic mobility measurements.

layer (around pH 9.5), and the creation of a layer of condensed ions (for pH > 9.5) as was

discussed in detail above. The change in orientation of the interfacial water molecules from

the net dipole moment pointing away from the surface to the net dipole moment pointing

toward the surface occurs here between pH 9.5 and pH 10.7. Converting these pH values to

the corresponding ionic strength values, we find that the change in sign occurs above 30µM

added NaOH, which is in good agreement with the change in sign observed for the NaCl case

(between 10 and 50µM added NaCl). The fact that the surface potential values are similar and

that the change in water orientation occurs in the same ionic strength region in both the salt

and pH cases shows that the surface charge densities for a given ionic strength are comparable

and do not depend on the use of a salt (NaCl) or a base (NaOH). Note that this is observed

in the here investigated range of salt concentration and pH, as well as for the SiO2 particles
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Table 4.2 – Surface potentialΦ0 and surface susceptibility χ(2)
s,2 values obtained from fitting the

AR-SHS patterns of ∼100 nm diameter amorphous TiO2 nanoparticles in aqueous solutions of
different pH. The pH was adjusted through NaOH addition. The radius R was measured by
DLS, and the zeta potential ζ was obtained from electrophoretic mobility measurements.

pH R [nm] ζ [mV] Φ0 [mV] χ(2)
s,2 [10−24 .m2

V ]

7 63 ± 17 -27 ± 19 -138 ± 15 -18.1 ± 0.5
9.5 63 ± 14 -32 ± 19 0-47 ± 48 -32.3 ± 4.6

10.7 59 ± 19 -34 ± 22 -137 ± 91 0 66.2 ± 31.9

in chapter 3 and Ref. [150]; however it might not be the case for higher salt concentrations

(>300µM) or higher pH values (pH > 10.7). Furthermore, our results suggest that at pH 7, at

which the AR-SHS patterns as a function of salt are recorded, the surface charge density is

already negative enough to permit the formation of a layer of condensed counterions.

Comparison to acidic pH values was not possible due to particle instability close to the

isoelectric point and the low signal-to-noise ratio of the SHS patterns below pH 3 as explained

above. However, we would expect different surface potential and water orientation behavior

as the particle surface is positively charged at pH values below the isoelectric point (as a first

approximation, here the isoelectric point can be considered equal to the point of zero charge)

and therefore not directly comparable to the NaOH and NaCl case.

4.3.3 Comparison of SiO2 and TiO2 interfacial properties

In order to determine if the evolution of the surface potential and the water orientation with

increasing ionic strength and pH is specific to the nature of the investigated surface, we

performed AR-SHS on SiO2 particles of the same size (∼100 nm diameter). SiO2 was chosen

in order to have a comparison with another metal oxide surface bearing the same potential

determining ions (H+ and OH−). The SiO2 colloids were found to have a stronger SHS signal

than the amorphous TiO2 particles (both relative to neat water, ∼10 times higher, see Fig. 4.4,

even though the particle density of the two particle suspensions was on the same order of

magnitude (2.9 · 1011 particles/mL in the case of SiO2 and 4.3 · 1011 particles/mL for TiO2).

Figure 4.5 A shows the surface potential Φ0 of 100 nm diameter SiO2 particles in different

NaCl concentrations compared to 100 nm diameter amorphous TiO2 particles. Three regions

of surface potential behavior can also be distinguished for SiO2 particles. (i) It can be seen

that the surface potential of the SiO2 particles decreases in magnitude with increasing salt

concentration for low ionic strength (<300µM). (ii) At 300µM NaCl concentration, the surface

potential value is similar to the zeta potential, which is not shown here for clarity but lies in

the range of -32 to -48 mV (See Table 4.3). (iii) For ionic strength >300µM, the magnitude

of the surface potential rises again to values of |Φ0| > |ζ|. Compared to TiO2, the increase in

magnitude of the surface potential in region (iii) occurs at a higher ionic strength for SiO2.

Likewise, the decay in magnitude of the surface potential in region (i) until the surface potential

|Φ0| ≈ |ζ| in region (ii) spans over a wider ionic strength range for SiO2 compared to TiO2.
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Figure 4.4 – AR-SHS patterns of 100 nm diameter SiO2 particles as a function of ionic strength
in PPP (A) and PSS (B) polarization combination. Plain data points of different colors represent
different salt concentrations of the aqueous environment. The ionic strength was adjusted
through NaCl addition. The particle density was kept constant for each sample and equal
to 2.91 · 1011 particles/mL. All measurements were performed at T = 296.15 K. Solid lines
represent the fits to the corresponding data points using the AR-SHS model. A summary of all
the parameters used for the fits can be found in Tables 8.5 and 8.8.
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Figure 4.5 – (A) Surface potentialΦ0 and (B) surface susceptibility χ(2)
s,2 of ∼100 nm diameter

SiO2 particles and ∼100 nm diameter amorphous TiO2 particles as a function of ionic strength
at pH 7. The ionic strength was adjusted through NaCl addition. The particle density was kept
constant and equal to 2.9 · 1011 particles/mL for the SiO2 and equal to 4.3 · 1011 particles/mL
for the TiO2 samples. All measurements were performed at T = 296.15 K and pH= 7. Dark
blue open diamonds and triangles represent the SiO2 samples, and dark green diamonds
and triangles represent the TiO2 particles in aqueous environment. A summary of all the
parameters used for the fits through whichΦ0 and χ(2)

s,2 were extracted can be found in Tables
8.4, 8.5, 8.6 and 8.8.

In Figure 4.5 B, the surface susceptibility χ(2)
s,2 of SiO2 and TiO2 can be seen. A change in

sign of χ(2)
s,2 from negative values to positive values happens at NaCl concentration between

100µM and 300µM. This indicates that the reorientation of the net dipole moment of the

water molecules from oxygens facing the surface to hydrogens facing the surface happens
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Chapter 4. Characterization of the amorphous TiO2 nanoparticle/aqueous interface

Table 4.3 – Surface potentialΦ0 and surface susceptibility χ(2)
s,2 values obtained from fitting the

AR-SHS patterns of ∼100 nm diameter SiO2 nanoparticles in aqueous solutions of different
NaCl concentrations at pH 7. The radius R was measured by DLS, and the zeta potential ζ was
obtained from electrophoretic mobility measurements.

added NaCl [µM] R [nm] ζ [mV] Φ0 [mV] χ(2)
s,2 [10−22 .m2

V ]

0 065 ± 12 -48 ± 31 -163 ± 5 0-2.2 ± 0.1
10 064 ± 11 -41 ± 22 -130 ± 5 00-2.8 ± 0.08
50 62 ± 7 -36 ± 24 0-92 ± 7 00-3.2 ± 0.08

100 61 ± 7 -35 ± 23 00-54 ± 15 00-3.4 ± 0.01
300 60 ± 5 -32 ± 23 00-19 ± 50 0-3.9 ± 0.7
600 58 ± 5 -34 ± 26 0-430 ± 90 0-9.1 ± 0.7

at higher ionic strength for SiO2 than for TiO2. The surface susceptibility of SiO2 is one

order of magnitude higher than the surface susceptibility of TiO2, which implies a larger net

dipole moment of the interfacial water molecules near the SiO2 surface compared to the

water molecules close to the TiO2 surface. This larger net dipole moment translates into a

stronger ordering of the interfacial water molecules that contributes to the higher SHS intensity

observed in the SiO2 case. Such an effect could be caused by the different molecular surface

groups (e.g., bridging or terminal hydroxyls for TiO2 vs different siloxane and silanol groups

for SiO2) and their different occurrences, with consequential influence on the interfacial H-

bonding network.

The same mechanisms of ion adsorption, formation of a diffuse layer, and creation of a layer

of condensed charges, which were discussed in detail for the ionic strength dependency of

TiO2 particles and further confirmed in the case of pH variation, can explain the three regions

of surface potential and surface susceptibility behavior for the SiO2 particles. Even though the

general behavior is similar for both surfaces, the onset of the three regions as a function of

ionic strength is clearly different in the case of SiO2 particles. Counterion adsorption is more

gradual and requires up to 300µM to reach a minimum in the surface potential magnitude,

indicative of a saturation of all the favorable deprotonated hydroxyls. Analogously to the TiO2,

we note here that all the deprotonated hydroxyls cannot be occupied, as this would result in a

neutral, unstable particle. It is interesting to see that for both materials the change in sign of

χ(2)
s,2 occurs just before the minimum in the surface potential magnitude is reached. This result

suggests that the hypothesized rearrangement of the H-bonding network at the surface by the

counterions is already significant enough before the favorable deprotonated hydroxyls are

saturated with Na+ ions. Furthermore, the increase of surface potential magnitudes, which

implies the formation of a layer of condensed charges, occurs at ionic strengths above 300µM

in the case of the SiO2 particles, compared to above 100µM in the case of TiO2 particles.

Knowing that the density of OH groups per surface area is similar for both surfaces (4.8

OH/nm2 for TiO2 [242] and 4.9 OH/nm2 for SiO2 [196]), this implies that the TiO2 surface has

a higher affinity for Na+ ions than SiO2, which has been already observed by our simulations

comparing the amount of adsorbed cations at negatively charged (and even neutral) rutile

and quartz surfaces [64].
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In order to decipher the molecular origin of our experimental results, we performed molecular

dynamics (MD) calculations following the same strategy as in section 3.2.5 and Ref. [150]. We

adopted our molecular dynamics models of TiO2 and SiO2 to investigate and compare the

effect of ionic concentration on the orientation of water molecules at these interfaces. TiO2

was modeled as a negatively charged (-0.104 C/m2) hydroxylated rutile (110) surface, while as

a SiO2 model, we used a negatively charged (-0.12 C/m2) quartz (101) surface, as described

in section 4.2.5 (Materials and Methods). A similar negative surface charge density, which

is constant in a single simulation, was chosen to fairly compare properties above the point

of zero charge for both TiO2 and SiO2, when a portion of surface hydroxyls is deprotonated,

corresponding to neutral or slightly basic pH.

Despite the fact that the behavior of amorphous solids used in our SHS experiments and of

crystalline solids used in our simulations may differ, the comparison to the crystalline form

still can provide valuable information on the sorption properties of both materials. To probe

concentration effects, we prepared a set of three systems for each modeled surface. To mimic

extremely low concentrations studied in the experiments (micromolar concentrations) that

are not directly accessible in simulations, the number of Na+ ions in the system was set to

be equal to the amount of negative surface charges (and there were no anions). However,

the number of ions allowed in the vicinity of the negative surface up to 10 Å varied from 0%

compensation (i.e., all the counterions were forced to be further away from the surface) to

50% compensation (only half of the ions were allowed in the region up to 10 Å) and 100%

compensation (no restriction on the position of ions, that is, a surface charge could be fully

compensated). In the latter case, the surface charge could be fully (100%) compensated up

to 10 Å. However, due to the equilibrium between the distribution of ions at regions closest

to the surface and further away (including the bulk region), in conjunction with the low total

number of ions allowed in the simulation, even in this 100% case, part of the surface charge

remains uncompensated up to 10 Å. This situation resembles our experimental low ionic

concentration conditions when, even in the presence of a sufficient number of cations to

compensate the surface charge, the particles remain negatively charged and stable.

The measure that can be compared to the experimental data is the integral of the „dipole

concentration“, which is a product of the average number density of water molecules and

the perpendicular component of the water dipole moment with respect to the surface (with

positive values indicating hydrogens facing the surface, that is, as in the experiment). The

running integral of the dipole concentration provides an indicator for the buildup of the

SHS intensity as a function of distance. The SHS intensity is proportional to the square

of this running integral along the z-axis perpendicular to the surface [150]. The plane at

z = 0 corresponds to the average position of the last TiO layer. Figure 4.6 shows the running

integrals of dipoles as a function of distance for TiO2 and SiO2 surfaces. Both surfaces exhibit

similar behavior as a function of sodium concentration as observed in region (i) of SHS

experiments: addition of ions to the interface, resulting in inner-sphere complexes (or outer-

sphere complexes adsorbed at the surface), shifts the signal toward negative values, that

is, fewer water molecules are oriented, which is consistent with the effect of adsorbed Na+

compensating a negative surface charge. Moreover, the rate of change in the interfacial region
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(up to ∼10 Å from the surface) is more drastic for TiO2. At 50% compensation, the integrated

dipole value at 10 Å is 0.094 D/Å2 for TiO2 and 0.130 D/Å2 for SiO2. At 100% compensation,

the integrated dipole value at 10 Å decreases to 0.026 D/Å2 for TiO2 and to 0.096 D/Å2 for

SiO2. This steeper decrease of the integrated dipole moment with the amount of counterions

indicates that the surface charge of TiO2 is more efficiently screened by Na+ counterions. In

other words, fewer ions are required at the TiO2 surface to result in similar changes as in the

case of SiO2. This observation is also in line with the SHS experiments, where a minimum in
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Figure 4.6 – Integrated dipole as a function of distance from negatively charged (A) (110) rutile
(-0.104 C/m2) and (B) (101) quartz (-0.12 C/m2) surfaces from molecular dynamics simulations.
The brown line represents simulations allowing 0% compensation of the surface charge (i.e.,
all the counterions were forced to be at least 10 Å away from the surface), the turquois line
represents 50% compensation (only half of the ions were allowed in the region up to 10 Å
from the surface), and the purple line is from simulations allowing 100% compensation (no
restriction on the positions of ions).

the surface potential magnitude is reached at lower ionic strengths for TiO2 than for SiO2. Note

also the flat profile of the curve allowing 100% compensation of the TiO2 surface, compared

to the same curve for SiO2, which is still growing, that is, gaining further contributions to the

SHS signal, with increasing distance from the surface. That clearly documents that while in

both cases the ions can fully compensate the surface charge (and eventually do so at large

distances), for TiO2 nearly all the compensation occurs in the nearest vicinity of the surface,

while for SiO2, we observe a wide diffuse layer.
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4.4 Conclusions

In summary, nonresonant polarimetric AR-SHS was applied for the first time to semiconductor

nanoparticles in aqueous environments. By collection of two different polarization combina-

tions of light from a colloidal suspension, the two analytical expressions from nonlinear optical

theory containingΦ0 and χ(2)
s,2 can be solved without assuming any model for the distribution

of the ions at the interface. The surface potential and molecular orientation of interfacial water

molecules of ∼100 nm diameter spherical TiO2 particles in different NaCl and pH conditions

are reported and compared to the results for insulating SiO2 particles as a function of NaCl

concentration. By comparison of the surface potential to the zeta potential, three different

regions can be identified for TiO2: At very low ionic strengths (0-10µM), Na+ ions preferen-

tially adsorb as inner-sphere complexes. At low ionic strengths (10-100µM), we observe the

presence of a distribution of counterions equivalent to a diffuse layer in the GC model, while

at higher ionic strengths (>100µM), the presence of an additional layer of condensed charges,

similar to a Stern layer in the GCS model, is detected. Changes in interfacial water orientation

as a consequence of counterions accumulating in proximity of the charged surface further

support this picture and indicate a rearrangement of the water H-bond network caused by

the Na+ ions. This rearrangement occurs already for small amounts of counterions present

in solution (below 50µM added Na+). Regions of equivalent behavior are observed for TiO2

particles in varying basic pH conditions. Comparing TiO2 and SiO2 particles as a function

of NaCl concentration shows that the TiO2 surface has a higher affinity for Na+ ions than

SiO2. These findings are in line with data obtained by MD simulations of the rutile and quartz

surfaces interacting with aqueous solutions, where the rate of change of the integrated dipole

with increasing Na+ adsorption at the surface is faster for TiO2 than for SiO2.

Overall, these results pave the way to a better understanding of processes taking place at the

surface of semiconductor nanoparticles dispersed in solution. In particular, they highlight the

potential of AR-SHS to monitor ion adsorption at the surface, changes in the surface effective

charge, and general interfacial properties in a variety of (photo)catalytic applications.
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5 Ion-specific effects at the SiO2 and
TiO2 nanoparticle/aqueous interface

Ion-specific effects play a crucial role in controlling the stability of colloidal systems and regu-

lating interfacial processes. Although mechanistic pictures have been developed to explain

the electrostatic structure of solid/water colloidal interfaces, ion-specific effects remain poorly

understood. Here we quantify the average interfacial water orientation and the electrostatic

surface potential around 100 nm SiO2 and TiO2 colloidal particles in the presence of NaCl,

RbCl and CaCl2 using polarimetric angle-resolved second harmonic scattering. We show that

these two parameters can be used to establish the ion adsorption mechanism in a low ionic

strength regime (< 1 mM added salt). The relative differences between salts as a function of

the ionic strength demonstrate cation- and surface-specific preferences for inner- vs outer-

sphere adsorption. Compared to monovalent Rb+ and Na+, Ca2+ is found to be preferentially

adsorbed as outer-sphere on SiO2 surfaces, while a dominant inner-sphere adsorption is

observed for Ca2+ on TiO2. Molecular dynamics simulations performed on crystalline SiO2

and TiO2 surfaces support the experimental conclusions. This work contributes to the under-

standing of the electrostatic environment around colloidal nanoparticles on a molecular level

by providing insight into ion-specific effects with micromolar sensitivity.

The results presented in this chapter are adapted from Ref. [152]:

Marie Bischoff, Denys Biriukov, Milan Předota, and Arianna Marchioro, „Second Harmonic

Scattering Reveals Ion-Specific Effects at the SiO2 and TiO2 Nanoparticle/Aqueous Interface“

J. Phys. Chem. C 2021, 125, 25261-25274.

All the molecular dynamics simulation results in this chapter are the work of Denys Biriukov

and Milan Předota (University of South Bohemia, České Budějovice, Czech Republic).
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5.1 Motivation

Ion adsorption at solid/liquid interfaces is a key phenomenon in various fields including

catalysis, electrochemistry, energy conversion, corrosion, and geochemistry. Classical electro-

static theories, such as the Gouy-Chapman (GC) or the Gouy-Chapman-Stern (GCS) models,

can predict to some extent the behavior of ions at interfaces but cannot always account for

ion-specific effects. Ion adsorption is even more complex to rationalize for colloids, since the

stability of colloidal dispersions is strongly influenced by the pH and ionic composition of the

aqueous environment. In particular, the distribution of charges close to the particle/liquid

interface, also referred to as the electrical double layer (EDL) region, plays a fundamental role

in the electrostatic stabilization of the colloids. Because the surface of colloids in suspension

is inherently more challenging to describe than planar surfaces, it is not trivial to establish

a complete molecular picture of the EDL and ion adsorption at the particle/liquid interface.

Additionally, not all experimental techniques investigating surface properties of colloidal

particles can be employed in low salt environments, or are sensitive enough to detect changes

with addition of sub-millimolar salt concentrations. For this reason, investigations of the EDL

are often carried out with bulk salt concentrations in the millimolar to molar range. Such ex-

perimental conditions allow probing materials specificities when a layer of condensed charges

(or Stern layer) is already present, but preclude the study of surface processes occurring at salt

concentrations where the charged surface sites outnumber the added counterions.

For colloidal SiO2 and TiO2 particles, two widely investigated oxide materials, several studies

have reported on the effect of different counterions on surface charge densities using poten-

tiometric titrations [243–253]. The effect of a specific ion on the surface charge density yields

information on the ion adsorption mechanism. For example, potentiometric titrations have

been used to explain the catalyzing effect of cations on the dissolution rates of mineral oxides.

In this context, such measurements have been able to distinguish between partially dehy-

drated ions directly adsorbed at the surface (inner-sphere ions) and solvent-separated ionic

adsorption with the intact hydration shell (outer-sphere ions) [243]. Because the accuracy

of such titrations improves with increasing total surface area, the measurements are usually

performed on large amounts of particles and high salt concentrations (in the order of mM-M)

[73].

Electrophoretic mobility and zeta potential measurements have often been used to investigate

specific ion adsorption of colloidal suspensions. A zeta potential study by Franks [254] on SiO2

suspensions under variation of the monovalent alkali cations concentration showed that the

least hydrated ions adsorb in greater quantities than well-hydrated ions, with the zeta potential

magnitude increasing for larger hydrated radii [254]. A similar behavior in electrophoretic

mobility measurements was also reported by Kosmulski [197]. The zeta potential is an integral

property of the EDL, resulting from an interplay of interfacial charge distribution and dynam-

ics. It only indirectly probes surface electrostatics, which can be a drawback when trying to

access the mechanism of ion adsorption. More recently, X-ray based techniques have allowed

direct evaluation of surface potential, another EDL parameter containing information about

surface properties. The effect of different ions on the surface potential of SiO2 nanoparticles
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was investigated using X-ray photoelectron spectroscopy (XPS) from a liquid microjet [94, 98].

The authors describe an increase in surface potential and Stern layer thickness with growing

hydrated-cation radius of the monovalent ions, corroborating the findings of zeta potential

studies [197, 254]. Liquid jet XPS experiments can be especially challenging to perform on

dilute nanoparticle suspensions, due to the low signal-to-noise level. Furthermore, salt con-

centrations in the millimolar range are necessary to reduce photoionization charging effects,

[99] preventing the analysis of molecular phenomena occurring at lower salt concentrations.

Yet another parameter to characterize the EDL is the interfacial water structure, as water

structuring effects are expected to occur during ion adsorption. The effect of different ions on

the interfacial water structure has been extensively studied on macroscopically flat surfaces

both experimentally by vibrational sum-frequency spectroscopy/sum-frequency generation,

[62, 63, 106, 175, 177, 255–257], second-harmonic generation [187, 258, 259] and simulations

[64, 173, 190, 260–269]. For colloidal particle suspensions, ion effects on the interfacial water

structure are difficult to investigate with current experimental and computational techniques.

The ability to probe several parameters of the EDL of colloidal particles in a single experiment

would significantly enhance our comprehension of the electrostatic environment at the parti-

cle/liquid interface.

We recently showed the applicability of polarimetric angle-resolved second harmonic scat-

tering (AR-SHS) to study the electrical double layer properties around large TiO2 and SiO2

nanoparticles (100 nm-300 nm diameter) [150, 151]. This technique allows determining both

the surface potential of the particles with respect to bulk liquid and the water structure at the

particle interface with micromolar sensitivity in a single experiment. In this work, we report

the effect of different salts (NaCl, RbCl and CaCl2) on the surface potential and the surface

susceptibility (describing average interfacial water orientation) around SiO2 and TiO2 colloids

of 100 nm diameter in the low ionic strength regime (≤ 600µM added salt). The general mech-

anism for ion adsorption appears to be independent of the nature of the oxide surface or of

the cation. At the lowest ionic strengths, cations partially compensate the negative surface

charge by inner-sphere adsorption, while with increasing ionic strength, our experimental

data indicate the formation of a condensed layer of hydrated ions (outer-sphere adsorption).

However, the relative differences between salts as a function of ionic strength provide valuable

information on the adsorption mechanisms on each oxide surface and reveal specific inner- or

outer-sphere preferences of the investigated cations. Compared to monovalent Na+ and Rb+,

outer-sphere adsorption of Ca2+ is favored on SiO2 surfaces. On the other hand, inner-sphere

adsorption of Ca2+ is favored on TiO2 surfaces. Molecular dynamics simulations performed on

crystalline TiO2 and SiO2 surfaces support the experimental conclusions. Overall, our results

consistently demonstrate different adsorption abilities of colloidal silica and titania and their

ionic selectivity, complementing the understanding of the EDL structure at oxide nanoparticle

surfaces on a microscopic level.
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5.2 Materials and Methods

5.2.1 Chemicals

Sodium hydroxide, (NaOH, > 99.99% trace metals basis, Sigma-Aldrich), sodium chloride (NaCl,

> 99.999%, abcr GmbH), rubidium chloride (RbCl, > 99.95%, Sigma-Aldrich) and calcium

chloride (CaCl2, > 99.99%, Sigma-Aldrich) were used as received. SiO2 colloids dispersed in

water (∼ 100 nm diameter) were purchased from Polysciences, Inc. (5.9% w/w). TiO2 colloids

dispersed in water (∼100 nm diameter) were purchased from Corpuscular Microspheres

Nanospheres (2.5% w/v). The TiO2 colloids are core-shell particles composed of a SiO2 core

and a TiO2 shell. As the main contribution to the AR-SHS signal is given by water molecules

oriented at the TiO2 surface (see section 2.3.1), our experiment only requires the presence of a

few atomic layers of TiO2 in contact with the aqueous solution. We further demonstrate in

section 8.4 (Appendix) that the AR-SHS data are independent of the thickness of the TiO2 shell.

5.2.2 Sample preparation

All procedures described hereafter used ultrapure water (MilliQ, Millipore, Inc., electrical

resistance of 18.2 MΩ · cm). The stock solutions of colloidal particles were sonicated for 10 min

(35 kHz, 400 W, Bandelin) and vortexed for 2 min prior to usage. The stocks were diluted in

water to 0.6% w/v (for SiO2) and 0.5% w/v (for TiO2). In the TiO2 case only, the particles were

stabilized by addition of NaOH up to a final concentration of 80µM. The diluted solutions

were further sonicated for 10 min and vortexed for 2 min. In order to remove residual ions from

the synthetic procedure, nanoparticles were collected via centrifugation and resuspended in

MilliQ water at the same concentration. The pellet was resuspended by vortexing for 5 min

and sonicating for 10 min. This washing step was repeated twice for SiO2 particles. The

conductivity of the washed particles was measured as described in sections 2.5.2 and 5.2.3

to ensure that the initial ionic strength of the particle suspension was as low as possible.

The washed SiO2 particles were further diluted to a 0.06% (w/v) solution (corresponding to

approximately 2.9 · 1011 particles/mL) and the washed TiO2 particles were diluted to 0.05%

w/v solutions (corresponding to approximately 4.3 · 1011 particles/mL), where the desired

amount of NaCl, RbCl, or CaCl2 was added. The suspensions were further sonicated for 10 min

and vortexed for 2 min. In both cases, the ionic strength of the solutions was adjusted using

0.1 mM stock solutions of NaCl, RbCl, or CaCl2. No filtering of the SiO2 particles was necessary,

while the 0.05 w/v% TiO2 solutions were filtered using 0.2µm PES syringe filters (Filtropur

Sarstedt) to remove particle aggregates. After filtering, each sample was sonicated for another

10 min and vortexed for 2 min. The sample solutions were measured on the same day they

were prepared. Corresponding water references at the same ionic strength were prepared for

each SiO2 and TiO2 sample. All preparation steps and measurements were performed at room

temperature.
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5.2.3 Sample characterization

The particle size distribution was determined by dynamic light scattering (DLS) and the zeta

potential was measured by electrophoretic measurements (Zetasizer Nano ZS, Malvern). In

the Zetasizer software, electrophoretic mobility is converted to zeta potential using Henry’s

function f (κR), where κ is the inverse Debye length and R the particle radius. Henry’s function

is usually simplified to two limiting cases, namely the Smoluchowski approximation ( κR À 1)

or the Hückel approximation (κR ¿ 1) as further detailed in section 2.4.2. Because in our case

the Debye length is varying with increasing ionic strength and some of the measurements may

be outside those two limiting cases, we used an approximation derived by Ohshima [160] and

further detailed in Ref. [161], allowing for a more precise conversion of electrophoretic mobili-

ties to zeta potential. The SiO2 particles had a mean hydrodynamic diameter of ∼ 125 nm with

a uniform size distribution (polydispersity index (PDI) < 0.05). After the filtering process, the

TiO2 colloids had a mean hydrodynamic diameter of ∼ 120 nm with a uniform size distribution

(for most samples, polydispersity index (PDI)∼ 0.1). Average radii and zeta potentials are given

as the average of 3 measurements. The pH of the samples was determined using a pH-meter

(HI 5522 pH/ISE/EC bench meter and HI 1330 pH electrode, Hanna Instruments) calibrated

with the appropriate buffer solutions. This step ensured that all the samples were measured

in pH neutral conditions. The conductivity was measured in order to control the initial ionic

strength of the washed particle suspensions and the amount of salt added to the samples,

as described in section 2.5.2. For TiO2 samples diluted in ultrapure water where no salt was

added, the average conductivity was assumed to be due to residual Na+ and OH− ions from the

preparation process. The measured conductivity values of washed and filtered samples at pH 7

without additional salt of the same particle batch varied from 9.4 to 10.6µS/cm (corresponding

to an ionic strength of 3.8 · 10−5 to 4.3 · 10−5 M). This conductivity, attributed to residual Na+

and OH− ions in solution, was subtracted from the conductivity measured for TiO2 samples

where salt was added to calculate the pure contribution of Na+, Rb+ or Ca2+ cations and Cl−

anions to the ionic strength of the solution. The total ionic strength value of the samples used

in the fitting procedure includes the ionic strength originating from the respective cations

and anions (Na+, Rb+, Ca2+ and Cl−), as well as the residual Na+ and OH− ions. A summary of

those effective ionic strength values is given in section 8.1.3 (Appendix). Note that the graphs

presented in the Results and Discussion section 5.3 are plotted vs added ionic strength or

added ionic concentration (i.e. without considering the initial offset introduced by NaOH) to

illustrate the effect of NaCl, RbCl and CaCl2 only.

5.2.4 AR-SHS measurements

The Second harmonic scattering in this chapter measurements were performed on the same

AR-SHS setup as described in chapter 2.3.3. Here, the fundamental laser wavelength was

λ= 1032 nm and the average laser power at the sample position was set to 80 mW. Before the

SH light was detected at the photomultiplier tube it had to pass a bandpass filter (CT516/10bp,

Chroma). Data points were acquired using 20 · 1.5 s acquisition time with a gate width of 10 ns.
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The scattering patterns were normalized according to equation 2.18 in chapter 2.3.3. All other

measurement parameters where the same as described in chapter 2.3.3.

5.2.5 Molecular dynamics simulations

SiO2 and TiO2 were modeled as neutral crystal quartz (101) and rutile (110) surfaces, re-

spectively. The simulated flat surfaces are a good and verified representation of the metal-

oxide/water interfaces, [64, 190] particularly considering the large size of the particles used in

the experiments. Our MD simulations in Refs. [150, 151] and in chapters 3 and 4 in this thesis

successfully employing the same models for the interpretation of SHS data confirm the validity

of the selected approach. The simulated surfaces were of lateral sizes 5.5 nm × 3.928 nm and

3.89814 nm × 3.5508 nm, respectively. The system was constructed as a parallel slab with two

identical surfaces facing each other, separated by ∼5 nm of ionic solution. All the results are

averaged over the two solid/water interfaces to improve the sampling. On the other hand,

comparison of results at each of the two interfaces confirmed the convergence of simulations.

The number of NaCl, RbCl, or CaCl2 ions added to the system was set to achieve a similar

bulk ionic strength for all solutions, that is, the ratio of bulk ionic concentrations of CaCl2 and

NaCl/RbCl was ∼ 1:3. This was gained by adding 6/13 Ca2+ (SiO2/TiO2) or 18 monovalent ion

pairs solvated in ∼3700/2050 water molecules. Water was modeled as rigid SPC/E, [192] and

the parameters for ions were adopted from the literature [190, 191, 270]. The ionic charges

were scaled to 75% of their nominal values according to the Electronic continuum model [189].

All simulations were at least 60 ns long. All other simulation details were the same or similar to

those in sections 3.2.5 and 4.2.5 and in Refs. [150, 151, 190, 260].

5.3 Results and Discussion

Similarly-sized SiO2 and TiO2 particles were dispersed in water in the presence of different

salts and measured with AR-SHS in PPP and PSS polarization direction as described in section

2.3.3. From the AR-SHS patterns (Fig. 5.1), we extract the surface potentialΦ0, together with

the second-order surface susceptibility χ(2)
s,2 using the fitting procedure explained in sections

2.3.1, 2.3.2 and 2.3.3. The second-order surface susceptibility represents a measure of the

orientational order induced by all (chemical) interactions confined to the particle surface

plane. More specifically, χ(2)
s,2 describes the interfacial water orientation, as further discussed in

section 2.3.1. The zeta potential ζ extracted through electrophoretic mobility measurements

is reported for comparison. In order to account for the different charge of monovalent and

divalent ions, all the concentrations in this work are expressed in ionic strength and not

ionic concentration, unless otherwise stated. The graphs ofΦ0 and χ(2)
s,2 as a function of ionic

concentration are shown in Figure 5.4 (later in the text) for comparison.

80



5.3. Results and Discussion

A
N
or
m
al
iz
ed
 S
H
S 
In
te
ns
it
y 
[a
.u
.]

100 M 
300 M
600 M

NaCl 

  0 M
10 M
50 M

PPP

RbCl B

-50 0 50
Scattering Angle θ [°]

PSS100 M 
300 M
 

  0 M
10 M
50 M

1.2

0.8

0.4

0

PSS

3.0

2.0

1.0

0

PPP PPP

-50 0 50

PSS

   

 

M
  0 M
10 
25 M

  50 M
100 M 
300 M

CaCl2 C
SiO2

-50 0 50

N
or
m
al
iz
ed
 S
H
S 
In
te
ns
it
y 
[a
.u
.]

NaCl RbCl B

Scattering Angle θ [°]

CaCl2 C
TiO2

0.40
0.30
0.20
0.10

0

 

PPP

A

0.16
0.12
0.08
0.04

0

 

500-50

PSS  0 M
10 M 
50 M

100 M 
300 M 

 

PPP

 

500-50

PSS  0 M
10 M 
50 M

100 M  

 

PPP

 

500-50

PSS  0 M
10 M 

25 M
  50 M
100 M 
300 M 

Figure 5.1 – AR-SHS patterns of ∼ 100 nm diameter SiO2 particles (top) and ∼ 100 nm diameter
TiO2 particles (bottom) in suspension in PPP and PSS polarization combination as a function
of ionic strength at pH 7. The ionic strength was adjusted through the addition of NaCl (A),
RbCl (B) and CaCl2 (C). Plain data points of different colors represent different ionic strength
of the aqueous environment. The particle density was kept constant for each sample and
equal to 2.9 · 1011 particles/mL for SiO2 and 4.3 · 1011 particles/mL for TiO2. All measurements
were performed at T = 296.15 K. Solid lines represent the fits to the corresponding data points
using the AR-SHS model. A summary of all parameters used for the fits can be found in Tables
8.5, 8.4, 8.9 and 8.10.
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5.3.1 SiO2 surface potential

Figure 5.2 shows the zeta potential ζ, the surface potentialΦ0 and the surface susceptibility

χ(2)
s,2 of ∼100 nm diameter SiO2 particles in water as a function of ionic strength for three

different salts, NaCl, RbCl and CaCl2. Figure 5.2 A plots ζ as a function of ionic strength, where

ζ is the electrostatic potential at the shear plane of the particle. The shear plane is considered

to represent a boundary between the bulk dispersant and the liquid layer (ions and water

molecules) strongly associated with the particle. This firmly associated layer moves together

with the particle when exposed to an electric field. While only a minor decrease in ζ as a

function of ionic strength is noticeable for NaCl and RbCl, a sharper drop in the zeta potential

magnitude |ζ| can be noticed in the case of CaCl2.

In Figure 5.2 B we identify, for all the salts used in this study, three regions showing distinct

surface potential trends that we define as region (i), (ii) and (iii). For clarity, these three regions

are schematically indicated on Figure 5.2 B for NaCl only. We briefly describe the general

surface potential behavior as a function of ionic strength for all the investigated salts in the

following section. A more detailed discussion of the dependence ofΦ0 and χ(2)
s,2 of TiO2 and

SiO2 particles on NaCl concentration and pH can be found in chapters 3, 4 and Refs. [150, 151].

Firstly, at the lowest ionic strengths, a significant decrease in surface potential magnitude

(region (i)) can be observed. This region spans from 0 to 100µM for NaCl, from 0 to 100µ for

RbCl, and from 0 to 25µ for CaCl2. We assign this decrease to cations being adsorbed at the

slightly deprotonated particle surface as inner-sphere complexes [151]. The positively charged

cations screen the negative surface charge of the SiO2 particles arising from deprotonated

silanol oxygens (we expect a deprotonation of ≤3% at pH 7 for SiO2, see 8.2.2 in Appendix).

This surface charge screening causes the effective surface charge density to decrease, leading

to a decreased surface potential magnitude |Φ0|.
With increasing ionic strength, |Φ0| reaches its lowest absolute value (region (ii)), with values

close to |ζ| for all three salts (see Fig. 5.2 A). Region (ii) spans from 100 and 300µM for NaCl,

100 and 200µM for RbCl, and between 25µM to 50µM for CaCl2. Our general surface potential

trends are not changed when plotting the surface potential vs ionic concentration (see Fig. 5.4

A)): The minimal surface potential value is reached for lower ionic strengths/concentrations in

the following order: Ca2+ < Rb+ < Na+. This second region can be interpreted as the formation

of a diffuse layer. Once favorable deprotonated surface sites are occupied, the surface potential

does not vary substantially within region (ii). Note that not all the surface deprotonated sites

are compensated by a surface-adsorbed cation, as this would imply a charge-neutral particle

and subsequent colloidal instability, which we do not observe experimentally. As a result,

additional cations are more likely to distribute in the solution around the particles to form a

diffuse layer, with a part of these cations approaching the surface as outer-sphere complexes

[150, 151].

A further increase of the salt concentration leads to a substantial increase in |Φ0| (region (iii))

while |ζ| does not increase significantly. The increase in |Φ0| can be observed above 300µM

for NaCl, 200µM for RbCl, and 50µM for CaCl2. We propose that this strong increase in

|Φ0| is caused by outer-sphere ion complexes that gradually form a condensed layer close
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Figure 5.2 – (A) Zeta potential ζ, (B) surface potentialΦ0 and (C) surface susceptibility χ(2)
s,2 of

SiO2 as a function of ionic strength at pH 7, shown for three different salts (NaCl, RbCl, and
CaCl2). χ(2)

s,2 represents average interfacial water orientation. Φ0 and χ(2)
s,2 were obtained by

fitting the corresponding AR-SHS patterns of ∼ 100 nm diameter SiO2 particles in suspension
in PPP and PSS polarization combination (see section 2.3 for more details). In (B), the three
distinct regions of surface potential behavior, which can be identified for all the three salts
used in this study, are displayed for NaCl only (green arrows). The three regions are indicative
of different stages of ion adsorption at the surface: (i) inner-sphere adsorption, (ii) diffuse layer
formation, and (iii) charge condensation layer formation. For clarity, error bars are shown
for NaCl only and are further discussed in sections 2.3.4 and 8.3. All values plotted here are
additionally tabulated in Table 5.1.

to the particle surface. This condensed layer generates a strong electric field in between the

positively charged cations and the negatively charged particle surface, therefore causing a

steep potential drop in the layer similar to the potential behavior in a parallel plate capacitor (a

more accurate description could be provided using the spherical capacitor equation, however
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Table 5.1 – Particle radius R, zeta potential ζ, surface potentialΦ0, and surface susceptibility
χ(2)

s,2 of SiO2 as a function of ionic strength at pH 7, shown for three different salts (NaCl,

RbCl, and CaCl2). Φ0 and χ(2)
s,2 were obtained by fitting the corresponding AR-SHS patterns

of ∼100 nm diameter SiO2 particles in suspension in PPP and PSS polarization combination
(see Figure 5.1). The particle radius R was measured using dynamic light scattering and the
zeta potential ζ was obtained from electrophoretic mobility measurements using Ohshima’s
approximation as described in sections 2.4.2 and 5.2.3. Error bars onΦ0 and χ(2)

s,2 are discussed
in sections 2.3.4 and 8.3.

SiO2

added ionic strength [µM] R [nm] ζ [mV] Φ0 [mV] χ(2)
s,2 [10−23 m2V−1]

NaCl 0 65 -78 -163 -22.5
10 64 -66 -130 -27.6
50 62 -57 -92 -31.3

100 61 -54 -54 -33.9
300 60 -48 -19 -39.4
600 58 -50 -428 -90.8

RbCl 0 61 -75 -175 -25.2
10 62 -71 -141 -47.9
50 60 -58 -102 -28.0

100 59 -57 -60 -32.2
200 59 -53 -31 -42.6
300 58 -49 -160 -58.3

CaCl2 0 65 -76 -161 -21.1
10 60 -40 -98 -23.5
25 59 -33 -48 -31.0
50 58 -28 -39 -30.1

100 59 -25 -78 -19.6
300 58 -26 -413 -35.4

the latter reduces to the parallel plate capacitor equation in the limit where dStern ¿ R):

∆φ
drop
Stern = σdStern

ε0εr
(5.1)

where σ is the surface charge density, ε0 the vacuum permittivity, εr is the dielectric constant

at the solid/water interface, and dStern is the spacing of the capacitor. This condensed layer

represents an experimental observation of the Stern layer postulated by the GCS theory, [150,

151] whereΦ0 is defined as the sum of the potential drop in the Stern layer ∆φdrop
Stern and of the

potential drop between the Stern plane and the bulk solution (usually approximated to ζ).

Note that, in this picture, a further increase in ionic concentration (beyond region (iii)) at a

fixed surface charge density would lead to a compression of such layer (decrease in dStern) and

a corresponding decrease in |Φ0|. Our data for region (iii), collected in the micromolar regime,

are not indicative of this phenomenon. However, it has been experimentally observed for con-
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centrations > 10 mM [95]. This is an important distinction to keep in mind when comparing

surface potential values reported in the literature obtained through different methods: The

ionic strength range will largely influence the phenomena occurring in the EDL, therefore hav-

ing a strong effect on the measured surface potential values. It has been suggested previously

that SHG measures electrokinetic potentials (ζ) instead of surface potentials [94]. Based on

our data, we suggest that the similarities of |ζ| and |Φ0| might only be a consequence of the

selected ionic strength range. We observe experimentally in region (ii) that |ζ| ≈ |Φ0|, while it

is not the case in region (i) and (iii). At the same time, reports showing a compression of the

Stern layer [95] might, at high ionic strength, probe a situation where |ζ| is again close to |Φ0|.
We summarized several values reported in the literature for SiO2 in NaCl electrolyte at neutral

pH in Figure 5.3 to allow for further comparison of our AR-SHS results to values ofΦ0 obtained

by other methods on both flat and particle surfaces. At low ionic strengths (10−6−10−4 M), our

surface potential values are well in agreement with those computed with the Gouy-Chapman

model adapted to spherical particles (see Fig. 5.3 and Ref. [150] or chapter 3 of this thesis). In-

terestingly, recent work on flat surfaces using HD-SHG points to the existence of an additional

imaginary term χ(3)
X , with a value 1.5 times that of bulk water, which contributes to the SHG

response of charged interfaces [271]. This contribution could produce higher surface potential

values at low ionic strengths (blue line in Fig. 5.3) [271]. Given the differences observed at low

ionic strength, this new term is unlikely to be significant in the case of spherical, nanosized

particles, where any field extending across the SiO2/water interface and penetrating into the

particle will not be screened as it would in their macroscopic counterpart (see Ref. [274] for

an explanation). This is further confirmed by our data on different particles sizes (100 nm

diameter in this manuscript and 300 nm diameter in chapter 3 and Ref. [150]), where the bulk

volume is significantly different and |Φ0| does not increase with increasing bulk volume.

At higher ionic strengths ( > 10−4 M for monovalent ions), our surface potential values are in

agreement with those reported for flat surfaces. At even higher ionic strengths ( > 10−3 M), a

range that is generally not accessible with AR-SHS due to the low signal-to-noise ratio, surface

potential values have been reported to decrease with increasing ionic strength due to the Stern

layer compression, as discussed above.

5.3.2 SiO2 surface susceptibility

Analysis of the surface potential values as a function of ionic strength in Figure 5.2 B demon-

strates that the three separate regions for ion accumulation at the surface previously described

[151] are observed for both monovalent and divalent salts. We now address the second pa-

rameter obtained through our fitting procedure, namely the surface susceptibility χ(2)
s,2, which

represents the average water orientation close to the particle surface. Figure 5.2 C shows χ(2)
s,2

for SiO2 particles in the presence of NaCl, RbCl and CaCl2 as a function of ionic strength. For all

three salts, χ(2)
s,2 has a negative sign for low ionic strength (until 100µM), indicating an average

orientation (net dipole moment) of interfacial water molecules with oxygen atoms towards

the surface. The sign convention for χ(2)
s,2 is discussed in section 2.3.1, where we attribute the

net dipole moment at low ionic strength (oxygens towards the surface) to a majority of water
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Figure 5.3 – Surface potential (Φ0) as a function of ionic strength adjusted through the addition
of NaCl for the SiO2/water interface in neutral pH conditions. Dark green filled circular
markers (dashed line) are Φ0 values for amorphous ∼100 nm SiO2 particles as determined
from AR-SHS in this study. In comparison,Φ0 values taken from the literature and obtained
through different techniques are shown: XPS (grey), [94, 95] HD-SHG (blue), [271] SHG
(yellow), [137] conductance method (purple), [272] C-V measurements (green) [273]. Filled
circular markers represent Φ0 reported for SiO2 particles compared to flat SiO2 surfaces
illustrated as filled square markers. The orange and red open triangle markers represent
estimates ofΦ0 values obtained using the Gouy-Chapman (GC) model applied to spherical
particles and surface charge density values reported in the literature for SiO2 particles in
neutral conditions, using the treatment proposed by Ohshima [193]. Φ0 values shown as red
open triangles are calculated with a fixed surface charge density of -0.02153 C/m2 (Sonnefeld),
[206] which corresponds to 3% deprotonation. Φ0 values plotted as orange open triangles
use a fixed surface charge density of 0.0008 C/m2 (Yamanaka et al.) [201] corresponding to
0.1% deprotonation (see section 8.2.2 in Appendix for more details). The region between the
orange and red line therefore represents a range of possibleΦ0 values for spherical particles in
neutral conditions using the GC model. Our AR-SHS results fit within the range of predicted
values. Colored boxes indicate the typical range of application of the Gouy-Chapman and the
Gouy-Chapman-Stern (GCS) models.

molecules being hydrogen-bonded to protonated silanols. This specific net dipole moment at

low ionic strength is in line with simulations showing the interfacial water molecules forming

ring-like structures with oxygens mainly pointing toward the surface and interacting with

surface geminal silanols [275]. With increasing ionic strength, the sign of χ(2)
s,2 changes from

negative to positive values for all three salts, indicating a change in average water orientation

from oxygens facing the surface to hydrogens facing the surface. This specific orientation

at higher salt concentration has also been reported by SFG studies on flat SiO2 surfaces [63].

Knowing that by definition χ(2)
s,2 does not include water molecules directly ordered by the

electric field but only describes the orientational order induced by surface-specific (chemical)

interactions confined to the particle surface plane (see section 2.3.1), this flip in χ(2)
s,2 can have

different origins. For example, oriented water molecules belonging to the ion hydration shells
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might contribute to the surface hydration layers, or the presence of ions could cause changes

in the interfacial hydrogen bond network. The latter case has recently been observed by SFG

[63]. As another option, recent studies have proposed that ions change the structural makeup

of the electrical double layer from dominant water-surface interactions to water-water inter-

actions, [276] or intrasurface H-bonding as suggested by theoretical studies [264, 277, 278].
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Figure 5.4 – Surface potentialΦ0 (A) and surface susceptibility χ(2)
s,2 (B) of SiO2 as a function of

added ionic concentration at pH 7, shown for three different salts (NaCl, RbCl, and CaCl2). Φ0

and χ(2)
s,2 were obtained by fitting the corresponding AR-SHS patterns of ∼100 nm diameter

SiO2 particles in suspension in PPP and PSS polarization combination.

We note that, when plotting the surface susceptibility as a function of ionic concentration

(see Fig. 5.4 B), a three times lower concentration of Ca2+ in the bulk solution is needed to

produce the same effect as Na+ and Rb+. Knowing the hydration numbers of all three ions

(in our MD simulations, those are ∼5 water molecules for Na+, ∼8 for Rb+, and ∼6.5 for

Ca2+, which is comparable to previously reported data), [279, 280] it appears that a smaller

number of Ca2+ ions and a corresponding smaller number of water molecules belonging to

their hydration shell has a comparable effect to a much larger number of Na+ and Rb+ ions

and their associated hydration shells. While these rather similar hydration numbers might

imply a minor effect of the oriented water molecules in the ion hydration shells on χ(2)
s,2, it is

plausible to assume that water molecules in the first hydration shell around divalent Ca2+ are

more restricted by the cation (and even the second hydration shell could be more affected)

compared to monovalent ions. As a result, even a lower number of water molecules can induce

a noticeable change in the interfacial bond network.

While our data cannot establish unequivocally a mechanism for the change in sign of χ(2)
s,2,

it does indicate that only the presence of a sufficient amount of positive charges close to

the negatively charged surface does lead to a change in the average water orientation from

oxygens facing the surface to hydrogens facing the surface. For all three salts, the flip in the

average interfacial water orientation from negative to positive χ(2)
s,2 values occurs between

100µM and 300µM. Figure 5.2 C shows that for SiO2 particles, the change in water orientation

with increasing ionic strength is rather insensitive to the nature of the cation (monovalent or

divalent).
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5.3.3 Ion-specific effects at the SiO2/water interface

Having established the distribution of charges at the surface with increasing salt concentration,

we now turn to ion-specific effects. Looking at Figure 5.2 B, we find that the minimum in the

surface potential magnitude is reached at lower ionic strength for CaCl2 (50µM) with respect

to RbCl (200µM) and NaCl (300µM). Additionally, for Ca2+, we observe a rapid decrease in |ζ|
(from -46 mV to -25 mV) with only 10,µM added ionic strength, which we do not find in the

case of Na+ and Rb+. The difference in the minima of |Φ0| for the three different cations indi-

cates that diffuse layer formation (region (ii)) takes over from inner-sphere adsorption (region

(i)) at a lower ionic strength for Ca2+ ions than for Na+ and Rb+ ions. It also indicates that the

build-up of the charge condensation layer starts at a lower ionic strength for Ca2+ ions (region

(iii)). On the other hand, the inner-sphere adsorption of Na+ and Rb+ ions (region (i)) is similar,

whereas the build-up of the charge condensation layer (region (iii)) starts at slightly lower

ionic strength for RbCl than for NaCl (200µM vs 300µM). Note that, in a high concentration

regime (∼ 1 M), several studies have reported that Ca2+ is anomalously capable of promoting

negative surface charge development at the silica surface by partial deprotonation of the

silanols with respect to other alkaline-earth metals [243, 281]. In such high concentration

regime, the presence of a Stern layer around the surface is expected, and the potential drop

close to the surface can be approximated to the potential drop within the parallel plates of a

capacitor as shown earlier in Eq. 5.1. In such conditions, an increase in surface charge density

also translates in a corresponding increase in surface potential with increasing ionic strength,

which would be similar to our experimental data. However, our conclusions are obtained

for a much lower ionic strength range (micromolar salt concentrations) than in any of the

aforementioned studies. We therefore believe that region (iii) does not reflect a regime where

the high Ca2+ concentration induces deprotonation of the silica surface, but rather a regime

where the change in surface potential is linked to the progressive transition from a diffuse

layer to the formation of the capacitor layer.

We envision two possible hypotheses to explain the ion-specific surface potential trends: a)

Ca2+ is a better adsorbate for SiO2 surfaces than Na+ and Rb+, therefore saturating all the avail-

able surface sites for concentrations as small as 50µM (preferential inner-sphere behavior).

Only with increasing ionic concentration (> 50µM), additional ions introduced in the system

contribute as outer-sphere ions, thus increasing the magnitude of the surface potential; or b)

Ca2+ is not a good adsorbate with respect to Na+ and Rb+, and will not preferentially occupy

surface sites. Instead, the majority of the Ca2+ ions will approach the surface as outer-sphere

ions, therefore contributing to the large increase in surface potential magnitude for ionic

strengths > 50µM.

Several ionic properties could influence the inner- vs outer-sphere partitioning. In particular,

one could think about the solvation energy (Gibbs free energy of hydration, ∆Ghyd). For Ca2+,

∆Ghyd is notably higher than for monovalent ions (∆Ghyd = −1505 kJ/mol for Ca2+, vs -365

and -275 kJ/mol for Na+ and Rb+, respectively), [282] indicating that the water molecules in

the hydration shell of the Ca2+ ions are more tightly bound than the water molecules in the

hydration shell of Na+ and Rb+ ions. As solvation energy also correlates with the residence
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time of water molecules in the first cation hydration shell, the same effect is apparent in the

higher residence times reported for Ca2+ (∼100 ps for Ca2+ vs ∼10 ps for Na+) [283]. Ca2+

is, therefore, less likely to lose parts of its hydration shell when approaching the negatively

charged particle surface. This would point towards a preferential outer-sphere behavior of

Ca2+ on silica.

In order to distinguish between hypotheses a) and b) using the AR-SHS data, it is informative

to look at the water orientation data in Figure 5.2 C. The change in sign of χ(2)
s,2 takes place

in between an ionic strength of 100µM to 300µM for all the three salts, indicating that the

divalent Ca2+ ions do not induce a remarkable difference in the interfacial water orientation

compared to monovalent Na+ and Rb+ ions for similar ionic strengths. On the other hand, the

data as a function of ionic concentration shown in Figure 5.4 B indicate that the water orienta-

tion flips for a lower amount of Ca2+ ions in the bulk solution. These observations would play

against hypothesis a): A preferential inner-sphere adsorption of Ca2+ is unlikely to promote a

change in water orientation at similar ionic strengths (i.e. lower ionic concentrations) than

Na+ and Rb+. When adsorbing as inner-sphere, positive ions screen existing negative surface

sites. Because of this screening, the number of water molecules oriented with hydrogens

towards the surface by the negative surface sites will decrease. This phenomenon effectively

increases |χ(2)
s,2|, resulting in more negative surface susceptibility values, indicating a larger

fraction of water molecules oriented with oxygens towards the surface. For Ca2+, we observe

such an increase from 0 to 25µM (from -21.1 to -31.0 cdot10−23 m2V−1, Figure 5.2 C and Table

5.1). Starting from 25-50µM, |χ(2)
s,2| decreases towards positive values. The decrease towards

positive values indicates that the fraction of water molecules oriented with oxygens towards

the surface decreases in favor of the opposite orientation. The onset of the decrease of |χ(2)
s,2|

towards positive values for Na+ starts at slightly higher ionic strengths (100µM), and for Rb+,

this onset is less clear but takes places between 10 and 100µM. Taken together, these findings

indicate that past 25-50µM added ionic strength, additional Ca2+ ions will most likely not

occupy surface sites, and that Ca2+ does not have a preferential inner-sphere adsorption com-

pared to the monovalent ions. When analyzing the data as a function of ionic concentrations

(Fig. 5.4), it is even more evident that surface screening by inner-sphere Ca2+ ions is not the

prevalent mechanism after 8.3-16.7µM ionic concentration. An additional argument against

preferential inner-sphere adsorption of Ca2+ can also be found knowing the particularities of

the H-bonding network at the surface of hydrated silica. Silica, like other charged surfaces,

is known to form ordered water structures at its surface [284–288]. This can also be inferred

from the axial number density of water molecules obtained through molecular dynamics

simulations displayed in Figure 3.3 A in chapter 3. Simulations predict immobile structures

[284] and shorter H-bond distances, [275] with a consequent more robust interfacial H-bond

network. Such water structures could hinder ion approach to the surface. This ordered water

layer would additionally account for the fact that the nature of the ion has little effect on the

net interfacial water orientation.

For all these reasons, a mechanism involving preferential outer-sphere complexes for Ca2+

(hypothesis b)) compared to Na+ and Rb+ is more likely to explain the similarities in χ(2)
s,2 of

the three salts. Evidence for a preferential outer-sphere mechanism of Ca2+ is also visible in
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Table 5.2 – Inner-sphere, outer-sphere and diffuse-layer preference of Na+, Rb+, and Ca2+

on SiO2 determined by molecular dynamics simulations of quartz (101). In simulations, the
diffuse layer indicates surface cations that are neither inner- nor outer-sphere, but closer to
the surface than 15 Å.

SiO2

inner-sphere [%] outer-sphere [%] diffuse layer [%]
Na+ 20 20 60
Rb+ 25 18 57
Ca2+ 4 20 76

the AR-SHS patterns as explained in section 8.5 (Appendix). Additionally, the results presented

in Figure 5.2 B indicate that, while region (i) is identical for Na+ and Rb+, the formation of a

condensed layer (region iii) is favored at lower ionic strength for Rb+ than Na+. Because no

substantial difference is observed between the two monovalent ions for the water orientation

in Figure 5.2 C, we propose a slightly preferential outer-sphere mechanism for Rb+ compared

to Na+ on SiO2 surfaces based on similar arguments as for Ca2+. In this case, when comparing

directly the two monovalent ions, the different hydration number (∼ 5 for Na+ and ∼ 8 for Rb+)

and hydrated radii (decreasing from Na+ to Rb+) might influence the approach to the surface

and play a role in the propensity to adsorb as outer-sphere ions to form a condensed layer.

Finally, similar conclusions can be drawn based on MD simulations, where we used a model

of the flat neutral quartz (101) surface. The flat geometry is well justified by the large size of

the colloidal particles, and the termination by silanol groups is similar in both the quartz and

amorphous cases, [195] though more defects must be expected for amorphous and spherical

particles. The model of a neutral surface is justified by the fact that the particles used in

the SHS experiment are barely charged at the studied pH (see section 8.2.2 in the Appendix).

Moreover, we are mainly interested in the behavior within experimental regions (ii) and (iii)

that should correspond to the situation when most charged sites are already occupied/com-

pensated by cations. We analyzed the MD simulations distinguishing the inner-sphere (silanol

oxygen replacing one water molecule in the first hydration shell of a cation), outer-sphere

(silanol oxygen in the second hydration shell of a cation), and other surface cations, defined

as neither inner- nor outer-sphere, but closer to the surface than 15 Å referred here below as

diffuse layer). The cation-water cut-offs based on radial distribution functions were set to

3.15/5.4, 3.8/5.9, and 3.15/5.5 Å for inner-/outer-sphere adsorption of Na+, Rb+, and Ca2+,

respectively. When comparing the simulations to the experiment, it is important to keep in

mind that the AR-SHS experiment might not solely probe the effect of outer-sphere ions as

strictly defined in the MD simulation (silanol oxygen in the second hydration shell of a cation),

but also more broadly the effect of other solvent-separated surface cations.

Table 5.2 summarizes the adsorption preferences for each studied cation. Our results indicate

that overall the cation adsorption at SiO2 is solvent-separated, with Ca2+ having the weakest

inner-sphere adsorption. This data supports the validity of hypothesis b). Since the con-

centration range in simulations is higher than in the experiment, we performed additional

simulations varying the ionic bulk concentration. Only minor variance in the results was
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observed (see Table 8.13 in Appendix), suggesting that this outer-sphere preference is mostly

concentration-independent, at least in the concentration range investigated (between 0.09 M

and 0.29 M). A small discrepancy is noted between the slight outer-sphere preference of Rb+

with respect to Na+ observed in the experiment and the MD data (approximately the same

outer-sphere preference for Na+ and Rb+, 20% and 18% respectively). As discussed above, this

effect could be attributed to the different definition of outer-sphere ions in the experiment

and in the simulations.

5.3.4 TiO2 surface potential

Figure 5.5 shows the zeta potential ζ, the surface potentialΦ0 and the surface susceptibility

χ(2)
s,2 as a function of ionic strength for ∼100 nm diameter amorphous TiO2 particles when

NaCl, RbCl, or CaCl2 is added. As for the SiO2 case, no substantial change in ζ (Fig. 5.5 A) is

visible in the case of NaCl and RbCl addition. On the other hand, CaCl2 does have a more

noticeable effect on ζ, although only above 50µM. Similar to the variation ofΦ0 for 100 nm

diameter SiO2 as a function of ionic strength shown in Figure 5.2 B, three different regions

can also be identified for similarly sized TiO2 particles (Fig. 5.5 B). We find that |Φ0| decreases

significantly from 0µM to 10µM (region(i)) for all three salts. As described hereabove for the

SiO2 surface, we assign this effect to inner-sphere ion adsorption at the surface, where the

surface charge density of the particles is partly neutralized by the surface-adsorbed positively

charged counterions. We expect the deprotonation of the TiO2 particle surface at this pH to

be < 8% as further detailed in section 8.2.2 in the Appendix. Region (ii), whereΦ0 is close to ζ,

spans from 10µM to 100µM added salt and represents the formation of a diffuse layer, with

a fraction of the total cations approaching the surface as outer-sphere complexes. We then

observe an increase in |Φ0| for salt concentrations ranging from 100µM to 300µM (region

(iii)), whereas |ζ| does not change significantly. In this region, the cation accumulation close to

the surface as outer-sphere complexes starts forming a condensed layer of ions and causes the

significant surface potential change by one order of magnitude. Overall, the surface potential

trend as a function of ionic strength observed in Figure 5.5 B is similar to the one described

in the section above for silica. However interestingly, the variation of surface potential as a

function of ionic strength is nearly identical for monovalent and divalent salts. When plotting

Φ0 as a function of ionic concentration (see Fig. 5.6 A), one can see that, due to the divalent

nature of the Ca2+ ions, a lower concentration of CaCl2 is needed to screen the negative surface

charge at the particle surface.

5.3.5 TiO2 surface susceptibility

Figure 5.5 C shows the surface susceptibility χ(2)
s,2 in dependence on the ionic strength for the

amorphous TiO2 particles in the presence of NaCl, RbCl, and CaCl2. Similar to the results

discussed above for the water orientation at the silica surface, we find a comparable change

in sign of χ(2)
s,2 from negative to positive values occurring in between 10µM to 50µM added

salt for NaCl and RbCl and in between 100µM to 300µM added salt for CaCl2. A negative
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Figure 5.5 – (A) Zeta potential ζ, (B) surface potential Φ0 and (C) surface susceptibility χ(2)
s,2

of TiO2 as a function of ionic strength at pH 7, shown for three different salts (NaCl, RbCl,
and CaCl2). χ(2)

s,2 represents average interfacial water orientation. Φ0 and χ(2)
s,2 were obtained

by fitting the corresponding AR-SHS patterns (shown in Fig. 5.1) of ∼100 nm diameter TiO2

particles in suspension in PPP and PSS polarization combination (see section 2.3). For clarity,
error bars are shown for NaCl only and are further discussed in sections 2.3.4 and 8.3. All
values plotted here are additionally tabulated in Table 5.3.

χ(2)
s,2 indicates a surplus of interfacial water molecules pointing with the oxygens towards the

surface and likely hydrogen-bonding to surface Ti-OH groups. The change to positive χ(2)
s,2

again shows the flip of the net dipole moment to hydrogen towards the surface, as discussed

above and in Ref. [151] and chapter 4 of this thesis. The flip occurs at higher ionic strengths

for Ca2+ with respect to Na+ and Rb+, and the same trend is evident in the plot of surface

susceptibility vs ionic concentration (see Fig. 5.6 B). Figure 5.5 indicates that, whereasΦ0 does

not seem to depend on the nature of the counterions (monovalent or divalent), χ(2)
s,2 is strongly

influenced by the respective salt used.
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Table 5.3 – Particle radius R, zeta potential ζ, surface potentialΦ0, and surface susceptibility
χ(2)

s,2 of TiO2 as a function of ionic strength at pH 7, shown for three different salts (NaCl,

RbCl, and CaCl2). Φ0 and χ(2)
s,2 were obtained by fitting the corresponding AR-SHS patterns

of ∼100 nm diameter amorphous TiO2 particles in suspension in PPP and PSS polarization
combination (see Fig. 5.1). The particle radius R was measured using dynamic light scattering
and the zeta potential ζ was obtained from electrophoretic mobility measurements using
Ohshima’s approximation as described in sections 2.4.2 and 5.2.3. Error bars onΦ0 and χ(2)

s,2
are discussed in sections 2.3.4 and 8.3.

TiO2

added ionic strength [µM] R [nm] ζ [mV] Φ0 [mV] χ(2)
s,2 [10−23 m2V−1]

NaCl 0 59 -39 -182 -0.8
10 60 -43 -57 -4.0
50 60 -40 -12 -4.6

100 60 -40 -57 -4.5
300 59 -46 -326 -9.4

RbCl 0 62 -43 -124 -2.0
10 61 -45 -69 -3.6
50 62 -38 -7 -4.8

100 60 -42 -67 -5.4

CaCl2 0 63 -41 -155 -1.2
10 65 -33 -79 -2.9
25 63 -31 -53 -3.2
50 62 -31 -21 -3.3

100 62 -23 -15 -3.3
200 59 -21 -135 -0.3
300 59 -18 -346 -9.4
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Figure 5.6 – Surface potentialΦ0 (A) and surface susceptibility χ(2)
s,2 (B) of TiO2 as a function of

added ionic concentration at pH 7, shown for three different salts (NaCl, RbCl, and CaCl2). Φ0

and χ(2)
s,2 were obtained by fitting the corresponding AR-SHS patterns of ∼100 nm diameter

amorphous TiO2 particles in suspension in PPP and PSS polarization combination.
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5.3.6 Ion-specific effects at the TiO2/water interface

For the titania surface, we conclude that for a fixed ionic strength the divalent nature of the

Ca2+ counterions compared to monovalent Na+ and Rb+ ions does not significantly influence

the surface potential trends at the TiO2/liquid interface, even though the Ca2+ concentration

is then three times lower than the Na+ and Rb+ concentration. These surface potential trends

are additionally consistent with the zeta potential results. Between 0 and 50µM, we find that

the decrease in |ζ| is relatively small in the presence of Ca2+ (< 20%) and comparable to the

zeta potential trends of Na+ and Rb+. On the other hand, in the case of Ca2+ on SiO2 surfaces,

a 50% decrease in |ζ| could be observed with only 10µM added ionic strength. These results

taken together indicate that both monovalent and divalent ions have a similar effect on the

electrostatics of TiO2 surfaces.

A mechanism for ion adsorption can be inferred from comparison with the SiO2 case described

in Figure 5.2 B. In the case of SiO2, we have established that the increase in |Φ0| (region iii)

that occurs at lower ionic strength for Ca2+ than Na+ and Rb+ is indicative of preferential

outer-sphere adsorption. By opposition to the SiO2 results, a situation where the onset of

region (iii) is not significantly influenced by the nature of the cation (monovalent or divalent)

suggests that outer-sphere adsorption of Ca2+ on TiO2 is not the preferential mechanism

at the origin of our trends. However, here as well the knowledge of surface potential is not

sufficient and it is necessary to examine the average water orientation to get a complete de-

scription of the investigated system. Our results show that the surface susceptibility variation

as a function of ionic strength is identical for RbCl and NaCl. For both salts the change in

sign of χ(2)
s,2 takes place in between 10µM to 50µM ionic strength, while in the case of CaCl2,

this flip in sign can only be observed at higher ionic strength (at around 200µM), showing

a clear effect of the divalent ion with respect to monovalent ions. These observations can

be rationalized in a picture where Ca2+ ions are preferentially acting as inner-sphere ions

at the TiO2 surface, being very effective at dehydrating the TiO2 surface in order to directly

adsorb to surface oxygens. In this picture, the Ca2+ ions dehydrating the surface contribute

to keeping the surface susceptibility negative, as they suppress the contribution of water

molecules oriented with their hydrogens towards negatively charged surface sites. Because

of this marked inner-sphere preference, the formation of an outer-sphere layer of Ca2+ ions

only occurs at a higher ionic strength (and a larger ionic concentration) than in the case of

Na+ and Rb+. As discussed before, only the presence of a sufficient amount of outer-sphere

ions close to the surface can induce a flip in the average water orientation, explaining why in

the case of Ca2+ on TiO2 a higher ionic strength (and a larger ionic concentration) is necessary

to induce a flip in the average water interfacial orientation. These findings are in contrast

to the SiO2 surface, where a preferential outer-sphere adsorption of Ca2+ compared to Na+

and Rb+ was observed. The different behavior of Ca2+ on TiO2 compared to SiO2 is further

highlighted by the AR-SHS scattering patterns as a function of ionic strength as detailed in

section 8.5 (Appendix). Considering that the solvation energy (∆Ghyd) of Ca2+ is larger than for

Na+ and Rb+ as discussed above, our results indicate a strong capacity of TiO2 for removing

water molecules from the hydration shell of Ca2+. Additionally, TiO2 is also known to form
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Table 5.4 – Inner-sphere, outer-sphere and diffuse-layer preference of Na+, Rb+, and Ca2+

on TiO2 determined by molecular dynamics simulations of rutile (110). In simulations, the
diffuse layer indicates surface cations that are neither inner- nor outer-sphere, but closer to
the surface than 15 Å.

TiO2

inner-sphere [%] outer-sphere [%] diffuse layer [%]
Na+ 76 7 17
Rb+ 71 7 22
Ca2+ 97 0 3

strong interfacial H-bond networks as determined by experiments [289, 290] and predicted by

simulations [291–293]. In the case of SiO2, this surface property could explain the hindered

approach of Ca2+ as an inner-sphere ion. On the other hand, in the case of TiO2, the same

property underscores the exceptional affinity of its surface for Ca2+.

MD simulations further support the trends observed by AR-SHS. A strong innersphere ad-

sorption preference at the TiO2 surface (rutile (110)) is observed for Ca2+ (97%, see Table

5.4). Almost all Ca2+ ions added to the system irreversibly adsorb as inner-sphere within the

simulation timescale, highlighting the affinity of TiO2 even when the surface is neutral as

modeled. Moreover, while our AR-SHS experiment draws conclusions on the relative ion-

specific adsorption preferences, MD simulations reveal a general inner-sphere preference

for all studied cations at the TiO2 surface (also observed for other bulk ionic concentrations

between 0.08 M and 0.36 M, see Table 8.14), further emphasizing the affinity of titania surfaces

for cations. At the same time, for amorphous particles, we expect less dominating yet pre-

vailing inner-sphere adsorption due to the disruption of geometrically-perfect inner-sphere

adsorption sites present all over the modeled flawless surface. The preferred inner-sphere

absorption of cations at titania surfaces observed in simulations further helps rationalizing

why no noticeable difference between Na+ and Rb+ is visible in the AR-SHS measurements:

Contrarily to the case of monovalent ions on SiO2, where the difference in hydration num-

ber/hydrated radii might influence the outer-sphere approach, the same property would

not have much impact in the case of inner-sphere adsorption, where the ions are partially

dehydrated to adsorb at the surface.

5.3.7 Inner- and outer-sphere adsorption at SiO2/water and TiO2/water interfaces

Figure 5.7 schematically summarizes the overall ion adsorption mechanism in the case of

Ca2+ for SiO2 and TiO2 surfaces at different ionic strengths. Figure 5.7 A illustrates inner-

sphere adsorption occurring in the lowest investigated ionic strength range (region (i)) for

both surfaces. This process contributes to a decrease in |Φ0|. The net dipole moment of water

molecules is oriented with oxygens towards the surface (negative χ(2)
s,2). On the other hand,

at the highest investigated ionic strengths (region (iii)), Ca2+ ions adsorb as outer-sphere as

illustrated in Figure 5.7 B,C. This process contributes to an increase in |Φ0|. The net dipole
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Figure 5.7 – Schematic illustration of the overall ion adsorption process for Ca2+. The hydration
shell for Ca2+ is simplified and displayed with six water molecules in the first hydration shell.
No anions are shown for clarity. (A) In the lowest investigated ionic strength range (region
(i)), inner-sphere adsorption occurs for both SiO2 and TiO2 surfaces. This process contributes
to a decrease in |Φ0|. The dark blue region contains molecules that are contributing to χ(2)

s,2.
The net dipole moment represents the sum of the dipole moments for each individual water
molecule (small black arrows) and is oriented with oxygens towards the surface, giving rise to
a negative χ(2)

s,2. (B,C) At higher ionic strengths (region (iii)), Ca2+ ions adsorb as outer-sphere,
inducing a flip in the net dipole moment of water molecules (hydrogens towards the surface,
or positive χ(2)

s,2). The relative differences inΦ0 and χ(2)
s,2 as a function of ionic strength indicate

different preferential adsorption mechanisms for Ca2+ compared to Na+ and Rb+ ions. For
Ca2+ on SiO2 (B), preferential outer-sphere adsorption with respect to Na+ and Rb+ ions is
observed. For Ca2+ on TiO2 (C), preferential inner-sphere adsorption with respect to Na+ and
Rb+ ions is observed.
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moment of water molecules is oriented with hydrogens towards the surface (positive χ(2)
s,2).

Only a sufficient amount of outer-sphere ions close to the surface causes a change in interfacial

water orientation from a majority of oxygens facing the surface to a majority of hydrogens

facing the surface. While inner- and outer-sphere mechanisms are common to both surfaces,

the relative differences as a function of ionic strength indicate different preferential adsorption

mechanisms for Ca2+ compared to Na+ and Rb+ ions. For the silica surface in Figure 5.7 B,

preferential outer-sphere adsorption with respect to Na+ and Rb+ ions is observed (outer-

sphere preference for SiO2: Ca2+ > Rb+ ≥ Na+). The outer-sphere preference of Ca2+ on SiO2 is

confirmed by MD simulations. On the other hand, our results reveal preferential inner-sphere

adsorption of Ca2+ with respect to Na+ and Rb+ ions for the titania surface in Figure 5.7 C

(inner-sphere preference for TiO2: Ca2+ > Na+ ≈ Rb+). A similar order is also determined by

MD simulations for crystalline surfaces (quartz (101) and rutile (110)). While there might

be differences between the interfacial behavior of different crystal faces investigated with

MD vs. the amorphous structures investigated with AR-SHS, we believe the fundamental

properties of the ions and the selected oxide surfaces would be dominant irrespective of a

specific crystalline structure.

5.4 Conclusions

In this work, we use polarimetric angle-resolved second harmonic scattering (AR-SHS) to

investigate the electrical double layer properties of 100 nm diameter SiO2 and TiO2 particles

in the low ionic strength regime (≤ 600µM added salt) for three different salts, NaCl, RbCl

and CaCl2. AR-SHS patterns yield in a single experiment values for the surface potential of

colloidal suspensionsΦ0 and for the second-order surface susceptibility χ(2)
s,2, which represents

interfacial water ordering at the particle surface. The surface potential results as a function

of ionic strength show that three different stages for ion adsorption can be observed for both

monovalent and divalent salts on both surfaces. The three regions are identified as (i) Inner-

sphere adsorption, (ii) Diffuse layer formation and (iii) Build-up of a charge condensation

layer (outer-sphere adsorption). This ion adsorption mechanism appears to be general for all

cations and surfaces investigated here.

Furthermore, we demonstrate that the relative differences between salts as a function of the

ionic strength provide information on the specific adsorption abilities of silica and titania and

reveal inner- or outer-sphere preferences of Na+, Rb+ and Ca2+. In the case of the SiO2 surface,

the surface potential changes as a function of ionic strength distinctively depend on the nature

of the cation, while the surface susceptibility values are hardly affected by the nature of the

cation. Combining the knowledge of surface potential values with the surface susceptibility,

we were able to demonstrate a preferential outer-sphere adsorption of Ca2+ ions on silica

surfaces with respect to Na+ and Rb+. In the case of the TiO2 surface, the surface potential

changes as a function of ionic strength showed little dependence on the cation, whereas the

surface susceptibility data indicate the need for a larger Ca2+ ionic strength/concentration

to change the average water orientation in the vicinity of the titania surface with respect to
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Na+ and Rb+. Here, both parameters together are used to reveal the more favorable inner-

sphere adsorption of calcium ions on titania surfaces with respect to the monovalent ions.

Molecular dynamics simulations performed on both quartz (101) and rutile (110) surfaces

were used to determine the percentage of inner-sphere and outer-sphere adsorption for all

three salts, confirming the experimental trends. Simulations additionally indicate a general

inner-sphere preference for all studied cations at the TiO2 surface, emphasizing the affinity of

titania surfaces for cations.

The present experiments demonstrate the possibility to probe the adsorption abilities of

colloidal oxide nanoparticles and their ionic selectivity with micromolar sensitivity. Because

our AR-SHS results are obtained for a low concentration regime that is difficult to access with

other experimental techniques probing colloidal surface properties, they give a new insight

into processes occurring before a charge condensation layer (Stern layer) is established, and

processes at the electrical double layer in general. As colloidal nanoparticles are increasingly

used in many technological applications, ranging from drug delivery to catalysis, the ability

to characterize their electrostatic environment in solution will assist in engineering more

efficient materials and devices.
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6 Surface acidity at the anatase TiO2

nanoparticle/aqueous interface

Surface acidity is known to play an important role in photocatalytic reactions. However, with

common experimental techniques that can access surface charge and surface acidity, it re-

mains difficult to obtain a complete picture of interfacial processes occuring in the electrical

double layer region as a function of pH. More refined experimental methods are needed that

are able to combine knowledge about surface specific properties and interfacial molecular

behavior. In this chapter, we show that polarimetric angle-resolved second harmonic scatter-

ing can be used to monitor the surface acidity of 100 nm anatase TiO2 colloidal particles in

aqueous environments. We extract the surface potential and surface susceptibility, which can

be interpreted as a measure of interfacial water orientation, in solutions of different pH. The

change in sign of the surface susceptibility reveals the surface pKas of anatase TiO2 particles

in water. With the ability to probe both surface potential and surface susceptibility, angle-

resolved second harmonic scattering can serve as a complementary technique to existing

methods to probe surface acidity. This technique offers the possibility to measure dilute

colloidal suspensions and provides future opportunities to directly monitor proton transfer

reactions in situ.

The anatase TiO2 particles investigated in this chapter were provided by Na Yeon Kim and Ji

Bong Joo (Konkuk University, Seoul, Korea).
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6.1 Motivation

Photocatalytic reactions are of major importance in the quest to develop efficient, economical

and environmentally-friendly energy conversion and storage systems. Furthermore, photo-

catalysis is a promising tool to promote environmental decontamination processes. Anatase

TiO2 is a widely studied semiconductor material that is generally considered to show a high

photocatalytic activity [1, 17, 20, 21]. This makes it an interesting candidate for the use as

photocatalyst material in a variety of applications. To improve the overall performance of

anatase TiO2 photocatalysts it is key to understand the semiconductor/liquid interface on

a molecular level. In particular, the evolution of surface acidity is of fundamental interest,

since the photocatalytic activity was shown to strongly depend on the photocatalyst surface

properties [37, 294, 295] and the composition of the aqueous environment [36]. However, it

remains difficult to monitor interfacial properties that determine the efficiency of photocat-

alytic processes. Therefore it is of paramount importance to find experimental techniques

that can provide both information on the interfacial surface properties of the photocatalyst

and the aqueous environment in the vicinity of the surface to establish a molecular picture of

the photocatalyst/liquid interface.

Amongst surface properties, surface charge density drives electrostatic processes. The semi-

conductor material TiO2 is an amphoteric oxide, which can act as both donor or acceptor of

protons depending on environmental pH conditions. For TiO2, the surface charge density

as a function of pH was previously investigated with the help of potentiometric titrations

[74–77, 145, 296, 297]. The surface acidity of TiO2 was additionally studied by reflectance-

based conduction band edge energy measurements [298] and simulations [299–301]. For a

pure crystalline TiO2 phase, the point of zero charge (PZC) equilibrium, where the surface

concentration of TiO− and TiOH+
2 are equal, can be expressed as pHPZC = 1

2

(
pKa1 +pKa2

)
[296,

297, 300, 302].

In this chapter, we apply AR-SHS to ∼100 nm anatase TiO2 particles in different pH conditions.

We investigate the surface potential Φ0 of the particles with respect to bulk liquid and the

surface susceptibility χ(2)
s,2, as a measure of interfacial water orientation. Both parameters

can be determined from AR-SHS measurements. Additionally, we employ electrophoretic

mobility measurements to obtain the zeta potential in comparison. We demonstrate that our

AR-SHS method provides insights into how the surface acidity evolves as a function of pH in

an all-optical, non-invasive experiment that is complementary to potentiometric titration

methods. Surface water orientation extracted through AR-SHS measurements is used as a

direct probe of the relative concentration of protonated and deprotonated surface species,

therefore yielding information on the surface pKas. We observe that the changes in interfacial

water orientation as a function of pH indicate transitions from a majority of one surface

species to another. Our AR-SHS data reveal surface pKas and a point of zero charge (PZC) that

are in line with the above-mentioned equation as it was previously reported in the literature.

This further underlines the capability of the AR-SHS method to measure surface acidity of col-

loidal oxide particles in an aqueous solution. With these features, AR-SHS has the potential to

probe surface acidity in-situ during photoelectrochemical reactions without the need to apply
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electrodes. We expect our research to contribute to a better molecular level understanding

of semiconductor/liquid interfaces that are relevant to advance energy and environmental

applications for a more sustainable and greener future.

6.2 Materials and Methods

6.2.1 Chemicals

Sodium hydroxide, (NaOH, > 99.99% trace metals basis, Sigma-Aldrich) and hydrochloric

acid (HCl, > 99.999% trace metals basis, Sigma-Aldrich) were used as received. Ethyl alcohol

(C2H5OH, 99.9%, anhydrous), acetonitrile (ACN, CH3CN 99.9%, special guaranteed grade),

and ammonium hydroxide (NH4OH, 28%) were obtained from Daejung Chemical Company.

Titanium (IV) n-butoxide (TBOT, 97%, reagent grade) and hydroxypropyl cellulose (HPC,

average MW ∼80000) were obtained from Aldrich. Spherical anatase TiO2 colloids (∼100 nm

diameter) were prepared by Na Yeon Kim (Joo group, Konkuk University, Seoul, Korea) via a sol-

gel reaction in mixed solvent solution, as previously reported [303]. This synthetic procedure

employs TBOT as precursor and ammonium hydroxide is used to control the growth to the

desired size. HPC (50 mg) was used as a surfactant and dissolved in a solution of ethanol and

acetonitrile (100 mL, volume ratio of 3:1) under vigorous stirring. After completely dissolving

the HPC, 1 mL of aqueous ammonia solution was added to the solution. After stirring for

10 min, a solution of TBOT (4 mL) in a mixture of ethanol (12 mL) and acetonitrile (4 mL) was

quickly injected into the above solution. The mixture was vigorously stirred for 2 h under

ambient conditions and the white precipitate was isolated by centrifugation. The obtained

precipitate was washed with ethanol and with deionized (D.I.) water several times and dried

under vacuum. The dried amorphous TiO2 particles were transferred into an alumina boat in a

muffle furnace and calcined in air at 500 °C for 3 h. After calcination, the spherical amorphous

TiO2 particles were crystallized into the anatase crystal structure. X-ray diffraction (XRD) was

employed to validate the crystallinity of the sample. The purity of the sample was verified by

energy dispersive X-ray (EDX) analysis (atomic fraction: 40.6% ± 10% Ti, 59.4% ± 10% O). The

TiO2 particles were dispersed in a solution as described in section 6.2.2.

6.2.2 Sample preparation

All procedures described hereafter used ultrapure water (MilliQ, Millipore, Inc., electrical

resistance of 18.2 MΩ · cm). A stock solution of 1% w/v was prepared from the TiO2 anatase

powder. This stock solution of colloidal particles was sonicated for 40 min (35 kHz, 400 W,

Bandelin) and vortexed for 2 min prior to usage. The sonication was performed in intervals

of 10 min with intermediate cooling times for sonicator and sample. The anatase TiO2 stock

was diluted in water to 0.05% w/v. The diluted solutions were further sonicated for 10 min and

vortexed for 2 min. No washing of the particles was needed. The conductivity of the particles

was measured as described in section 2.5.2 to ensure that the initial ionic strength of the
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particle suspension was as low as possible. Sample solutions of 0.005% w/v (corresponding

to approximately 2.5 · 1010 particles/mL (theoretical value) with R = 50 nm) with the desired

amount of NaOH or HCl were produced. The suspensions were further sonicated for 10 min

and vortexed for 2 min. The pH of the solutions was adjusted using 1 mM and 0.1 mM stock

solutions of NaOH and HCl. No filtering of the anatase TiO2 samples was necessary to obtain

a monomodal and narrow particle size distribution. The sample solutions were measured

on the same day they were prepared. Corresponding water references at the same pH were

prepared for each TiO2 sample. In cases where the pH of the sample was close to the pH of

ultrapure water (pH 5 to pH 7), water was used as a reference. The glass sample cuvettes for

AR-SHS measurements were rinsed 3 times with MilliQ water prior to usage. All preparation

steps and measurements were performed at room temperature.

6.2.3 Sample characterization

The particle size distribution was determined by dynamic light scattering (DLS) and addi-

tionally measured by transmission electron microscopy (TEM). The anatase TiO2 particles

had a mean hydrodynamic diameter of ∼140 nm with a uniform size distribution (for most

samples polydispersity index (PDI) < 0.2). Note that the hydrodynamic diameter is related to

the intensity-based particle size distribution directly obtained from DLS. Another possible

representation is the number-based particle distribution which can be obtained from the

intensity distribution assuming spherical, homogeneous particles whose optical properties are

known. The particle diameter obtained from the number analysis of the anatase TiO2 particles

is ∼96 nm and appears smaller than the hydrodynamic diameter. The mean TEM diameter

could be determined as dTEM = 96 nm for a selection of thousands of particles assuming a

spherical particle shape. Figure 6.1 shows two TEM images of the anatase TiO2 particles with

different fields of view (1µm (A) vs 0.5µm (B) magnification) as they were used to deduce the

TEM diameter. Note that several images of the same kind were utilized to determine the mean

TEM diameter dTEM.

While the number-based particle diameter from DLS and the mean TEM diameter are sim-

ilar in magnitude and more directly comparable since they both rely on a number analysis

[304, 305], the hydrodynamic diameter from the DLS intensity distribution naturally displays

larger values. Differences between the hydrodynamic diameter and the TEM diameter can be

explained by the liquid shell of water molecules and ions that remain closely attached to the

particles during Brownian motion, which additionally contribute to the hydrodynamic diam-

eter. Contrarily to amorphous TiO2 particles in chapters 4 and 5, the deviation between the

hydrodynamic DLS radius and TEM radius is much larger for anatase TiO2 particles (∼ 20 nm

radius). This discrepancy could be explained by 1) not perfectly spherical particle shape

which may cause anatase TiO2 to appear larger in DLS and 2) different surface roughness

of crystalline anatase vs amorphous TiO2 samples, which could additionally influence the

hydrodynamic diameter. A TEM image of a single anatase TiO2 particle is shown in Figure 6.1

C to report on the general shape of the particles. Because of this larger deviation between the

hydrodynamic DLS radius and the TEM radius, in this chapter the TEM radius was chosen as
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A B

C

Figure 6.1 – Bright-field TEM images of ∼100 nm diameter anatase TiO2 particles with 1µm
(A) and 0.5µm (B) magnification. The morphology of a single anatase TiO2 particle is shown
in (C).

the parameter to be used in the AR-SHS fitting procedure. This can additionally be justified by

the good agreement between the TEM and the number-based DLS radius.

The concentration of particles in the solution (particles/mL) was measured for each sample

with multiangle dynamic light scattering (MADLS) as explained in chapter 2.4.1 in more detail.

The particle concentration is originally obtained as a function of the hydrodynamic diameter.

A scaling factor

(
1/

(
dTEM

dH

)6
)

was applied to the measured particle concentration value in order

to account for the smaller TEM radius.

The zeta potential was measured by electrophoretic measurements (Zetasizer Ultra, Malvern).

In the Zetasizer software, electrophoretic mobility is converted to zeta potential using Henry’s

function f (κR), where κ is the inverse Debye length and R the particle radius. Henry’s function

is usually simplified to two limiting cases, namely the Smoluchowski approximation ( κR À 1)

or the Hückel approximation (κR ¿ 1) as further detailed in section 2.4.2. Because in our case

the Debye length is varying as a function of pH and some of the measurements may be outside

those two limiting cases, we used an approximation derived by Ohshima [160] and further

detailed in Ref. [161], allowing for a more precise conversion of electrophoretic mobilities to

zeta potential. The same procedure was already applied in chapter 5.

Average hydrodynamic radii, particle concentrations and zeta potentials are given as the aver-

age of 3 measurements. The pH of the samples and reference solutions was determined using

a pH-meter (HI 5522 pH/ISE/EC bench meter and HI 1330 pH electrode, Hanna Instruments)
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calibrated with the appropriate buffer solutions. For anatase TiO2 samples diluted in ultrapure

water without additional acid or base, the pH was ∼ 5. The conductivity was measured in order

to control the initial ionic strength of the particles dispersed in water and the ionic strength of

the samples at different pH, as described in section 2.5.2. For anatase TiO2 samples diluted in

ultrapure water where no acid or base was added, the average conductivity was assumed to be

due to residual H+ and Cl− ions from the preparation process. The measured conductivity

values of samples in water without additional acid or base was ∼ 1.2µS/cm (corresponding

to an ionic strength of 2.9 · 10−6 M). This conductivity, attributed to residual H+ and Cl− ions

in solution, was subtracted from the conductivity measured for anatase TiO2 samples where

acid or base was added to calculate the pure contribution of Na+ and OH− ions or H+ and Cl−

ions to the ionic strength of the solution. The ionic strength value of the samples used in the

fitting procedure only takes into account the ionic strength originating from NaOH and HCl

addition.

6.2.4 AR-SHS measurements

In this chapter the second harmonic measurements were performed on the same AR-SHS

setup as described in chapter 2.3.3. Here, the fundamental laser wavelength was λ= 1032 nm

and the average laser power at the sample position was set to 80 mW. Before the SH light was

detected at the photomultiplier tube it had to pass a bandpass filter (CT516/10bp, Chroma).

Data points were acquired using 20 · 1.5 s acquisition time with a gate width of 5 ns. The

scattering patterns were normalized according to equation 2.18 in chapter 2.3.3. All other

measurement parameters where the same as described in chapter 2.3.3.

6.3 Results and Discussion

Anatase TiO2 particles were dispersed in solutions of different pH and measured with AR-

SHS in PPP and PSS polarization direction as described in sections 6.2.4 and 2.3.3. From

the AR-SHS patterns (Fig. 6.2), we determine the surface potentialΦ0 and the second-order

surface susceptibility χ(2)
s,2 applying the fitting procedure explained in sections 2.3.1, 2.3.2 and

2.3.3. χ(2)
s,2 represents a mean to assess the interfacial molecular orientation of water that

is chemically bound to the particle surface plane, as further discussed in section 2.3.1. In

comparison to the surface potentialΦ0, the zeta potential ζ, obtained from electrophoretic

mobility measurements is reported as a function of pH.

Figure 6.3 A shows theΦ0 and ζ of ∼100 nm anatase TiO2 particles in different pH conditions.

BothΦ0 and ζ are of positive magnitude for 4≤pH<6. In this pH range, |Φ0| and |ζ| generally

decrease in magnitude. At pH∼6, the surface potential Φ0 and zeta potential ζ change sign.

For 6<pH≤9 Φ0 and ζ are of negative magnitude. In this pH region, |Φ0| and |ζ| generally

increase in magnitude. The point where ζ is zero, meaning that the particle has zero velocity

when exposed to an electric field in electrophoretic measurements, is called the isoelectric
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point (IEP). On the other hand, whenΦ0 reaches zero, this is usually referred to as the point of

zero charge (PZC). For colloids, no direct measurements can be performed at the IEP or the

PZC since the particles become unstable and are likely to form aggregates when the repulsive

forces between the particles decrease as a result of the vanashing surface charge. In our case,

the IEP occurs at slightly higher pH values (∼pH 6.1) than the PZC (∼pH 6).
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Figure 6.2 – AR-SHS patterns of ∼100 nm diameter anatase TiO2 particles in solutions of
different pH conditions in (A) PPP and (B) PSS polarization combination. The pH was adjusted
through the addition of HCl and NaOH. Plain data points of different colors represent different
pH conditions of the aqueous environment. The particle density was kept constant and was
measured by MADLS for each sample. All measurements were performed at T = 296.15 K.
Solid lines represent the fits to the corresponding data points using the AR-SHS model. A
summary of all parameters used for the fits can be found in Tables 8.11 and 8.12.

In Figure 6.3 B, the surface susceptibility χ(2)
s,2 is displayed as a function of pH. While the sign

of χ(2)
s,2 is negative for pH 4 to pH 4.5, it changes to positive values for pH 5 and pH 5.9. For

pH 6.3 and pH 7.1 χ(2)
s,2 turns again to negative values and flips back to a positive value for

pH 9. A further point extracted at pH 10 confirms the positive trends of χ(2)
s,2, however the

absolute values are unreliable due to the small signal-to-noise ratio and therefore not shown

on this graph. In the sign convention that we are using, described in detail in chapter 2.3.1,

negative values of χ(2)
s,2 represent an average orientation (net dipole moment) of interfacial

water molecules pointing with their oxygen toward the surface. Positive values of χ(2)
s,2 indicate

an average orientation of interfacial water molecules with hydrogens toward the surface.

Before we move to the interpretation of our AR-SHS data, we briefly describe surface reactions

that can occur for TiO2 in acidic or basic environments. Explanations for the surface acidity of

TiO2 have tended to focus on the terminal oxo and hydroxo groups. Taking into consideration

only the terminal groups is in most cases sufficient to describe the acid-base properties of

TiO2. The acidity of the bridging oxygens, where pKa < 2 as evidenced by experiments [297,

306] and predicted by simulations [301], is in most cases irrelevant in common experimental
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conditions. Considering only the terminal site, one can write the following chemical equilibria:

Ti−OH+
2 (t )�Ti−OH(t )+H+ (6.1)

Ti−OH(t )�Ti−O−(t )+H+ (6.2)

where (t ) indicates the terminal Ti−OH. pKas reported in the literature for anatase span a wide

range and additionally depend on the preparation method, as well as the relative aging of the

particles [307]. For reaction (6.1), the deprotonation of the hydroxo group, values of 2 < pKa,1

< 5 can be expected [296, 307–310]. Reaction (6.2), corresponding to the deprotonation of

the oxo group, has pKa,2 values ranging from 8 to 9 [296, 307–310]. A theoretical report has

suggested that the deprotonation of the bridging Ti−OH+−Ti group could occur at values

close to pKa,1, while the deprotonation of the hydroxo terminal Ti−OH+
2 would be occurring

instead closer to pKa,2, but this exceptional case will not be considered here [299].
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Figure 6.3 – Surface potential Φ0, zeta potential ζ (A) and surface susceptibility χ(2)
s,2 (B) of

∼100 nm diameter anatase TiO2 as a function of pH.Φ0 and χ(2)
s,2 were obtained by fitting the

corresponding AR-SHS patterns of ∼100 nm diameter anatase TiO2 particles in suspension
in PPP and PSS polarization combination. The zeta potential ζ was determined through
electrophoretic mobility measurements.
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6.3. Results and Discussion

For TiO2, the pH at the PZC is usually estimated taking the mean of the pKas of both groups

(pKa,1 and pKa,2) [296, 297, 300, 302] so that:

pHPZC = 1

2

(
pKa,1 +pKa,2

)
. (6.3)

The PZC is around pH 5 - pH 6.5 for anatase as reported in the literature [296, 297, 302, 307–309,

311, 312]. A detailed compilation of PZC/IEP values for anatase can be found in the reference

textbook by Kosmulski [313]. It can be seen from the data in Figure 6.3 A that the PZC (defined

byΦ0 = 0) and the IEP (defined by ζ= 0) are found close to pH = 6 for our anatase samples, as

described above.

Having established the possible surface reactions in acidic/basic environment, we can now

link the chemical equilibria above to our AR-SHS data. According to the χ(2)
s,2 sign change, four

regions can be distinguished as indicated in Figure 6.3 by differently coloured backgrounds.

In region (a), which includes the samples at pH 4 and pH 4.5, both ζ and Φ0 have positive

values, indicating a positively charged particle surface. In the same range, χ(2)
s,2 is negative with,

on average, water molecules pointing with their oxygens toward the surface. The sign of χ(2)
s,2

can be related to the majority species at the surface. At pH < pKa,1, the majority of the Ti−OH

terminal sites are expected to be protonated (Eq. 6.1). In this case, the terminal Ti−OH+
2 can

hydrogen-bond with the neighbouring water molecules via their protons, therefore generating

a preferential net orientation with oxygen towards the surface as illustrated in Figure 6.4 A.

Therefore, the sign of χ(2)
s,2 in region (a) reflects a majority of Ti−OH+

2 and Ti−OH species.

Region (b), which is still in the acidic range and includes the samples at pH 5 and pH 5.9,

displays positive ζ and Φ0, as well as positive χ(2)
s,2 values. ζ and Φ0 are lower than in (a),

indicating a loss in the average positive charge of the surface. At pH 5.9, the particles are

very close to the PZC (and IEP) and the sample only forms a stable colloidal suspension on

a timescale of a few hours. The stability of the sample over time was monitored through

separate zeta potential measurements. The sign of χ(2)
s,2 provides evidence for a flip in the

net dipole moment of interfacial water molecules with respect to region (a), where hydrogen

atoms are now preferentially facing the surface. This flip in average water orientation can

be related to the pH of the solution being higher than pKa,1. Crossing of pKa,1 generates an

excess (more than 50%) of neutral, deprotonated Ti−OH groups according to (Eq. 6.1). The

loss of doubly protonated species (Ti−OH+
2 ) decreases |χ(2)

s,2|. At the same time, the presence

of possible proton-sharing intermediates as depicted in Figure 6.4 B might generate a positive

contribution to χ(2)
s,2. Overall, both effects combined could be responsible for the observed

turn over in the average water orientation from negative to positive χ(2)
s,2. A sketch of the

corresponding surface charge vs pH trend is presented in the same figure.

Beyond region (b), at around pH 6, ζ and Φ0 change from positive to negative values. This

indicates that the particles surface becomes on average negatively charged. We define region

(c) as containing our samples measured at pH = 6.3 and 7.1, and where χ(2)
s,2 values are negative.

The switch from positive χ(2)
s,2 values (region b) to negative χ(2)

s,2 values (region c) provides

here as well information on the nature of the surface species interacting with neighbouring

interfacial water molecules. Given the sign of the surface charge and the fact that the pH in
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Figure 6.4 – Schematic illustration of the net surface charge and average water orientation,
represented by the net dipole moment, at the anatase TiO2/water interface as a function of
pH from (A) acidic to (D) basic. Different pH regions, corresponding to the same regions
as previously defined in Figure 6.3, are indicated by small letters (a) to (d) and different
background colors. A representational, simplified picture of how the terminal groups at the
TiO2 surface affect the interfacial water molecules is shown in the top part. In the bottom part,
the transition from one predominant terminal surface group species to another as a function
of pH is visualized. At the turning points, which correspond to pKa,1, the point of zero charge
(PZC) and pKa,2, the net dipole moment of interfacial water changes orientation.

region (c) is smaller than pKa,2 values reported in the literature, we now expect the coexistence

of a small fraction of deprotonated species corresponding to the chemical equilibrium (6.2),

together with a majority of uncharged Ti−OH species corresponding to equilibrium (6.1).

The fact that pH > pKa,1 also indicates that only a small fraction of Ti−OH+
2 species are still

present, although in a smaller fraction than the deprotonated Ti−O− species. The sign of

χ(2)
s,2 is representative of equilibria 6.1 and 6.2, as the majority of water molecules are oriented

with oxygens facing the surface to hydrogen-bond with terminal Ti−OH groups. Figure 6.4 C

schematically illustrates the average water orientation and surface deprotonation in region (c).
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6.3. Results and Discussion

A similar situation has already been discussed in previous chapters for amorphous TiO2 (see

chapters 4 and 5 for more details).

For higher pH values (∼>pH 8), comprising our sample at pH 9, we observe once more a

change in sign of χ(2)
s,2 back to positive values, while ζ and Φ0 remain negative. We note that

a further point at pH = 10 (not shown here) gives similar trends, but the values of Φ0 were

found to be unrealistically high due to the low signal-to-noise ratio of the experiment. The

measured zeta potential at pH = 10 was ζ=−52 mV, confirming the negative surface charge

of the particles. In this region (d), the chemical equilibrium shown in equation (6.2) predicts

that more than 50% of the terminal groups are found in a deprotonated state. This is well

reflected by the change in sign of χ(2)
s,2 to positive values, where the net dipole moment of water

switches to hydrogens facing the surface. Figure 6.4 D captures this scenario. A similar change

in sign of χ(2)
s,2 was also observed for amorphous TiO2 in chapter 4 as a function of pH, although

at higher pH values (between pH 9.5 and pH 10.7). This difference can be explained by the

specific surface characteristics of different TiO2 polymorphs and crystalline vs amorphous

samples. As it was discussed by Akratopulu et al. [76], rutile and anatase (or mixtures of

both) can show different acid-base behavior. This can be explained by the different specific

surface areas of the two polymorphs and the fact that the PZC and the acidity constants are

temperature-dependent properties [76, 314]. Temperature can have the opposite effect on

rutile vs anatase, thus shifting the corresponding pKas and PZC positions according to the

exact sample composition [76]. Therefore we believe that the differences between the exact

flipping points of the average water orientation that we observe are a consequence of the

specific surface characteristics of different TiO2 polymorphs.

Our AR-SHS data unequivocally shows a specific water orientation associated with the majority

species present at a given pH. Together with the information on the charge at the slipping plane

given by ζ and on the surface charge given byΦ0, it is possible to experimentally evidence not

only the majority surface species, but also the transition points corresponding to the crossing

of pKa points. Taking the first change in sign in χ(2)
s,2 (between region a and b) to occur at pH

∼4.8, and the third change in sign in χ(2)
s,2 (between region c and d) to take place at pH ∼7.6,

one can calculate the pH at the PZC, where the second change in χ(2)
s,2 occurs (between region

b and c), to be: pHPZC = (4.8+7.6)/2 = 6.2 according to equation 6.3. This result is very close

to the pH at which the PZC (and IEP) is observed on the curve of surface potential vs pH (Fig.

6.3 A) and is in agreement with literature values discussed above.

For planar surfaces and fused silica in particular, SHG has been already successfully employed

to predict surface acidity: pKa values were reported in 1992 by Ong et al. by analyzing the

trend of the SH electric field as a function of pH [137]. Several studies demonstrated the

applicability of SHG and SFG to investigate the acid-base behavior at interfaces and to infer

surface pKas [184, 315–317]. More recently, bimodal and trimodal behavior of a planar fused

silica surface were observed in the Gibbs group [203, 258, 318]. Estimations of the pKas of

isolated silanol groups using vibrational sum frequency spectroscopy were also reported

for planar silica by the Tyrode group [319]. A distribution of pKa values was extracted from

second harmonic microscopy images of a silica glass microcapillary immersed in aqueous

solutions as a function of pH by the Roke group [111]. The second harmonic images reported
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Chapter 6. Surface acidity at the anatase TiO2 nanoparticle/aqueous interface

on the orientational order of interfacial water molecules and were further converted into

surface potential maps. Combining the knowledge of surface potential with information on

the interfacial water order is key to elucidate the acid-base behavior of planar surfaces in

contact with an aqueous solution. In situ structural changes of interfacial water at the planar

silica/water interface under the addition of salt in different pH conditions were revealed by

the Borguet group in a vibrational SFG study [178]. Recent advances in the determination of

surface potential for planar surfaces with SHG and vibrational SFG [320] could further improve

our understanding of surface acidity.

In the case of colloidal inorganic suspensions, SHS studies have usually focused on extracting

the surface potential [138, 176], however additionally extracting information on interfacial

water orientation of scatterers in solutions only became possible with recent developments

of the angle-resolved polarimetric SHS technique [113, 114]. Combining information on

the surface charge throughΦ0 together with interfacial water orientation given by χ(2)
s,2, one

can follow the evolution of surface acidity of colloidal suspensions as a function of pH and

predict pKa values. We suggest that AR-SHS can be used as a complementary technique to

potentiometric titrations, for example with samples where the excess porosity might lead to an

overestimation of surface charge density by acid/base titration, or for samples that cannot be

synthesized in the large quantities, as sample masses in the order of milligrams are sufficient

for AR-SHS experiments.

6.4 Conclusions

In summary, we report zeta potential (ζ) and surface potential (Φ0) values for ∼ 100 nm diame-

ter anatase nanoparticles dispersed in aqueous solutions as a function of pH. The information

given by Φ0 on the surface charge is combined with knowledge of the interfacial water ori-

entation represented by χ(2)
s,2. Both quantities can be extracted as two distinct solutions of a

two-equation system by fitting the AR-SHS model functions to our measured AR-SHS patterns.

We show that the water orientation changes with pH, and that four separate ranges can be

identified as a function of pH. As the change in bulk pH modifies the interface populations

of Ti−OH+
2 , Ti−OH and Ti−O− groups, the interfacial water orientation in each of these

four different pH ranges can be associated with the majority species at the surface. A flip in

water orientation is evidence for a shift between more than 50% protonated surface species to

more than 50% deprotonated surface species (or vice-versa). Consequently, this observation

allows for direct evaluation of the acid dissociation constant from graphs of χ(2)
s,2 vs pH. This

work provides new opportunities for future studies of surface acidity of colloidal suspensions

in situ. As such, the experimental method presented here could be used to estimate the

position of the conduction band as well as to probe proton transfer during electrochemical or

photoelectrochemical reactions.
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7 Conclusions and Outlook

In this thesis we show the broad applicability of AR-SHS to study oxide particle/liquid inter-

faces on a molecular level. With nonlinear light scattering theory expressions to determine the

surface potentialΦ0 of the particles with respect to bulk liquid and the surface susceptibility

χ(2)
s,2 can be derived. The latter is a measure for the orientational order of water molecules

that are (chemically) attached to the particle surface. An overview of the most important

expressions of nonlinear light scattering theory is presented in chapter 2. In the same chapter

(chapter 2), the AR-SHS model is introduced, which can be used to obtainΦ0 and χ(2)
s,2 from

the measured AR-SHS patterns without assuming a particular distribution of charges at the

interface. This allows to obtain unique values forΦ0 and χ(2)
s,2 without the need to apply sim-

plified models describing the interfacial charge distribution (e.g. the Gouy-Chapman or the

Gouy-Chapman-Stern model) as they were presented in the introduction (chapter 1) of this

thesis. This opens up new possibilities to gain molecular insights into the electrical double

layer (EDL) around colloidal oxide particles in suspension.

In chapter 3 we apply AR-SHS to 300 nm diameter SiO2 particles in a solution as a function

of pH and NaCl concentration. KnowingΦ0 and χ(2)
s,2, together with the zeta potential ζ from

electrophoretic mobility measurements allows to establish a molecular picture of the silica

particle/aqueous interface. For pH values from neutral pH to pH 10 and low salt concentration

(<1 mM) we observe a diffuse layer (DL) behavior where Φ0 and ζ are close in magnitude.

In this case the dominant interfacial water orientation is with oxygens toward the silanol

terminated surface (χ(2)
s,2<0). At higher pH (pH 11) and higher salt concentrations (≥ 1 mM)

Φ0 increases in magnitude while ζ remains close to the values observed for the low ionic

strength and lower pH case. We attribute this behavior to the accumulation of hydrated coun-

terions close to the interface. The sign of χ(2)
s,2 changes to positive values, indicating that water

molecules adjust their orientation to mainly hydrogens facing the surface as a consequence

of this condensed layer of ions. Surface charge density values obtained from applying the

Gouy-Chapman (GC) or Gouy-Chapman-Stern (GCS) model to our measuredΦ0 values and

literature surface charge density values are in good agreement. In addition, our results are

supported by MD simulations.
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In chapter 4 we investigate for the first time semiconductor particles with AR-SHS. Amorphous

titanium dioxide colloids of ∼100 nm diameter are measured as a function of NaCl concen-

tration and basic pH. We extract Φ0 and χ(2)
s,2 from the AR-SHS patterns and compare those

values to the zeta potential ζ. Similarly to chapter 3, we identify the formation of a diffuse

layer region at low ionic strength (10-100µM) and the formation of a condensed layer of

charges at higher ionic strengths (>100µM). A change in sign of χ(2)
s,2 from negative to positive

values caused by the addition of Na+ ions to the solution supports this picture indicating a

rearrangement of the interfacial H-bond network already at low salt concentrations (<50µM).

The most significant finding of chapter 4 is that, besides the diffuse layer and condensed layer

region which was already observed for 300 nm diameter SiO2 particles in chapter 3, we can

identify a third region where the surface potential magnitude decreases as a function of ionic

strength for very low salt concentrations (0-10µM). We assign this region, referred to as region

(i), to the inner-sphere adsorption of ions at the amorphous TiO2 surface. We additionally find

a similar behavior for SiO2 particles of the same size at very low NaCl concentrations, showing

this is a general effect and not only specific to TiO2. Overall, we can generally distinguish

three phenomena with increasing ionic strength. First, inner-sphere adsorption at the lowest

concentrations (region (i)), then formation of a diffuse layer of counterions (region (ii)) and

finally, accumulation of hydrated counterions near the interface (region (iii)). While common

electrostatic models predict all these phenomena, our findings show that we can retrieve

the electrostatic structure of aqueous interfaces at a certain ionic strength without a priori

knowledge on the charge distribution, implying that AR-SHS could be applied to a variety of

more complex systems. Furthermore, a direct comparison between SiO2 and TiO2 shows that

the semiconductor TiO2 has a higher affinity to adsorb Na+ ions than SiO2. MD simulations

support this conclusion.

In chapter 5 we continue the investigation of ∼100 nm diameter amorphous TiO2 and SiO2

particles with AR-SHS to study ion-specific effects. We measure colloidal suspensions of

≤600µM ionic strength for three different salts, NaCl, RbCl and CaCl2. We generally observe

the same three regions (i), (ii) and (ii) for all the surfaces and ions investigated in this chapter.

However, relative differences of Φ0, χ(2)
s,2 and ζ as a function of ionic strength reveal specific

adsorption preferences of silica and titania for Na+, Rb+ and Ca2+ ions. For the silica surface,

the surface potentialΦ0 trends as a function of ionic strength strongly depend on the nature of

the cation, whereas the surface susceptibility χ(2)
s,2 trend is similar for the three ions. Opposite

results are observed for the titania surface, where the surface potential trends as a function of

ionic strength are similar but the surface susceptibility data show specific relative differences

depending on the cations in the solution. We deduce a preferential outer-sphere adsorption

of Ca2+ ions on silica surfaces with respect to Na+ and Rb+, while Ca2+ ions are preferentially

inner-sphere adsorbed on the titania surface compared to the monovalent ions. Those trends

are confirmed by MD simulations and a general inner-sphere adsorption preference of all the

studied cations at the titania surface with respect to silica is suggested.

Having demonstrated that AR-SHS can be used to explore ion-specific effects, we investigate

the surface acidity of ∼100 nm anatase TiO2 with AR-SHS in chapter 6. We report Φ0, χ(2)
s,2

and ζ values as a function of pH and observe several changes in sign of χ(2)
s,2, which translates
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into changes of interfacial water orientation. According to the χ(2)
s,2 behavior four different pH

ranges can be identified. Because a change in pH affects the population of surface terminal

groups, i.e. Ti-OH+
2 , Ti-OH and Ti-O−, the change in water orientation can be related to

the majority species at the surface. This allows to probe the transitions between more than

50% protonated to more than 50% deprotonated surface groups (or vice-versa) by simply

examining the water orientation as a function of pH. We therefore propose that AR-SHS can

be used to investigate the surface acidity of colloidal oxide particle suspensions.

Overall, our results show that AR-SHS can provide valuable molecular level information on

the composition of the EDL around nanometer sized oxide particles dispersed in solution. We

can obtain unique values for the surface potential and surface susceptibility in a non-invasive

manner, which allows to gain direct molecular insights into interfacial processes, such as

ion-adsorption or possibly proton transfer reactions. We demonstrate that AR-SHS allows to

access molecular information for micromolar salt concentrations, a regime which remained

chiefly unexplored until now. Our work highlights the potential of AR-SHS to shed light on a

variety of interfacial properties that are relevant to improve the efficiency of (photo)catalytic

and (photo)electrochemical reactions. A strong advantage of this technique is that it can

provide both knowledge about the surface potential and the interfacial aqueous environ-

ment, the role of which in interfacial reactions still remains controversial among scientists

[321]. We envision that AR-SHS could be used to monitor proton transfer reactions during

(photo)electrochemical reactions in situ, which would contribute to a deeper understanding

of this matter. As nanomaterials are increasingly used in a variety of technological applica-

tions ranging from drug delivery to catalysis, the capacity to characterize the electrostatic

environment of colloidal nanoparticles in suspension will aid in the development of more

efficient materials and devices.

In the following we want to reflect on possibilities for future experiments in the context of

AR-SHS. Firstly we want to focus on opportunities for experiments that could be realized with

the existing AR-SHS setup. Secondly, we propose a modification of the current setup that

would allow for time-resolved AR-SHS measurements. Both ideas will be discussed in more

detail in the next paragraphs.

As a first follow-up experiment on the two oxide materials that were investigated in this thesis

(SiO2 and TiO2), one could think of investigating the effect of a variety of different salts on

the nanoparticles. We already reported on the effect of NaCl, RbCl and CaCl2. Possible other

candidates for monovalent salts in the family of chlorides would be amongst others potassium

chloride (KCl), lithium chloride (LiCl) and caesium chloride (CsCl). In particular the effect of

LiCl on TiO2 particles would be interesting to explore given that the small size of the lithium

ions can lead to different interactions than for larger alkali metal chlorides. For instance, it

has been reported that Li+ ions can penetrate the TiO2 lattice [322–324]. This effect, also

referred to as lithium intercalation, has drawn scientific attention in the context of devel-

oping more efficient lithium-ion batteries [325–329]. Interesting representatives of divalent

salts that could be investigated in comparison to calcium chloride, are magnesium chloride

(MgCl2) or zinc chloride (ZnCl2). While MgCl2 is used as a food additive and in pharmaceutical
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preparations, ZnCl2, besides being a parental nutrition additive, can be utilized to dissolve

passivating oxides e. g. as a flux for soldering. It would be interesting to investigate if the

ZnCl2/metal oxide surface reactions underlying this metal surface cleaning mechanism can

be observed at oxide surfaces in aqueous environments and possibly how they evolve as a

function of temperature. One could also think of the investigation of polyvalent ions, such

as ammonium chloride (NH4Cl), which is equally used as a soldering flux. In this case more

complex cation-surface interactions are expected. Another possibility would be to investigate

water soluble fluoride, bromide or iodide based salts. The anatase TiO2 particles used in

chapter 6, that are naturally positively charged when dispersed in water, offer the possibility

to study the interfacial behavior of negatively charged anions, such as Cl−, F−, I− or Br− as a

function of salt concentration.

As a continuation of the compilation on how the surface potential of silica changes as a func-

tion of NaCl over a broad range of concentrations, as it has been shown in figure 5.3 in chapter

5 it would be beneficial to perform another series of AR-SHS measurements on 300 nm silica

particles as a function of NaCl. In the NaCl series measured on those particles in chapter 3,

the pH has been adjusted to pH 10. In order to explore the pure effect of salt on the particles

without adjusting the initial surface charge through the addition of NaOH, as in the case of

the NaCl series on 100 nm silica particles in chapters 4 and 5 it would be of high interest to

repeat the measurement under the proposed conditions. As the probed shell volume of water

molecules is expected to be generally larger for the larger 300 nm silica particles compared to

the smaller 100 nm silica particles investigated in chapters 4 and 5 the corresponding better

signal-to-noise ratio of the measurements might allow to access information about the surface

potential at even higher ionic strength values. The acquisition of a significant number of NaCl

concentration points on 300 nm silica particles in an ionic strength range of 0µM to ∼ 50 mM,

together with the knowledge about the regions (i), (ii), and (iii) described in chapters 4 and 5

would allow to get a more complete picture of the surface potential trends even beyond region

(iii). It would be of high interest for the research community to compare those results with

Brown et al.’s surface potential values on smaller sized silica particles [94, 95] displayed in

figure 5.3 and literature values obtained for flat silica surfaces [137, 271–273].

Another insightful experiment would be to study the effect of particle size on the pH depen-

dence. This could be done by measuring silica or titania particles of different sizes (e.g. 100 nm

- 300 nm diameter) with AR-SHS as a function of pH and investigating the impact on the corre-

sponding surface potential and surface susceptibility. As it can already be noticed comparing

the AR-SHS patterns of 300 nm silica in chapter 3 (see Fig. 3.1) and of 100 nm amorphous

titania in chapter 4 (see Fig. 4.3), the size or material have a different effect on the SH intensity.

While the AR-SHS scattering intensity increases as a function of basic pH for 300 nm silica

particles, it decreases for 100 nm amorphous titania particles. This trend is also confirmed by

the pH series on 100 nm anatase titania particles in chapter 6 (see Fig. 6.2), where the AR-SHS

intensity decreases from pH 7.1 to pH 9. A size-dependent experiment would show if the

observed differences are subject to the particle size change or if they are material specific. We

speculate that this is rather a size effect due to the influence of geometrical form factors on

the AR-SHS patterns which were already briefly discussed in section 8.5 of the Appendix.
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Certainly it would also be relevant to investigate functionalized or doped TiO2 particles, as

those can show more advantageous properties for specific applications [2, 16, 330, 331]. One

could think of investigating the nanoparticle/liquid interface as a function of doping level.

AR-SHS could also help to find the most suitable sample synthesis method in order to realize

certain bulk or interfacial material properties.

Furthermore, rutile, brookite or mixed-phase TiO2 colloids could be investigated, provided

that they remain stable in solution for the time of the experiment. The same applies to colloids

made from other oxide materials. Possible candidates that are widely studied for photocat-

alytic water splitting applications would be amongst others zinc oxide (ZnO), tungsten oxide

(WO3), hematite (α-Fe2O3) and bismuth vanadate (BiVO4) [2]. AR-SHS measurements could

assist in establishing a better microscopic picture of interfacial processes occuring at the metal

oxide/liquid interface of those materials.

As an additional project, one could study the interfacial properties of excited semiconductor

particles. The absorption of UV light by TiO2 particles generates electron-hole pairs. The

charge carriers can further react with chemical species at the interface. Some of the important

questions in this context are:

• How are surface potential and surface susceptibility changing under illumination, and

what are the timescales for these changes?

• Can we relate surface potential and surface susceptibility changes to structural changes

in the EDL during a charge-transfer process at the semiconductor/liquid interface?

• How does the aqueous side of the interface influence interfacial charge transfer and

photocatalytic activity?

To answer these questions, we need to photoexcite the TiO2 particles with UV light and mea-

sure the SH surface response of the particles under illumination. With this experiment we

could specifically address the change in surface potential and change in molecular orientation

of interfacial water molecules under non-equilibrium conditions. Such experimental scheme

could additionally be used to access quantities relevant to the semiconductor itself such as the

change in band bending under illumination. In the absence of change in the surface charge, a

reduction of the maximum band bending under illumination with respect to the maximum

band bending under equilibrium condition is expected [332], as further detailed in section 8.7

of the Appendix.

First exploratory measurements on 100 nm diameter anatase TiO2 particles under illumination

where performed extending the AR-SHS setup by adding a continuous UV LED light source

as illustrated in Figure 7.1. In comparison to a very concentrated anatase TiO2 particle sus-

pension, water and amorphous SiO2 particles of the same size where investigated. Figure 7.2

shows the results of those single angle SHS measurements. The SHS intensity of the particle

suspensions or pure water with and without UV illumination is displayed. Whereas no signifi-

cant difference could be seen for the water reference sample nor the highly concentrated SiO2

particles in suspension, the 100 nm anatase TiO2 sample showed a strong difference in second
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N

Figure 7.1 – Continuous UV/AR-SHS setup with 365 nm UV LED (blue) for the excitation of the
anatase TiO2 particle sample. The power of the UV beam in the focal spot is ∼21.5 mW. With a
focal spot area of ∼12 mm2 this translates into a fluence of ∼0.17 J/cm2 per second. The power
of the near-infrared (NIR) beam was set to 80 mW. The polarization in S (perpendicular to the
scattering plane) or P (parallel to the scattering plane) can be adjusted for the incoming NIR
beam (red) and the scattered second hamonic (SH) light (green).The SH light is collected in
reflection mode under a 50° angle between the incoming NIR light and the analyzer arm with a
photomultiplier tube (PMT) on a rotation stage. Samples are contained in a flat UV-compatible
spectrosil cuvette.

A                                         B                                        C                        

Figure 7.2 – Single-angle second harmonic scattering in reflection mode under UV excitation
(λ= 365 nm) with the continuous UV/AR-SHS setup of (A) pure water, (B) amorphous SiO2 and
(C) anatase TiO2 particles. While no significant difference in SH intensity for UV illuminated
vs non-illuminated samples is seen for pure water and amorphous SiO2, a clear change can be
observed for a highly concentrated anatase TiO2 sample.

harmonic signal with and without illumination. The strong difference in SH signal under

continuous illumination suggests that a change in surface potential or surface susceptibility

must occur under illumination. Another possibility is that a change in band bending under

non-equilibrium conditions additionally contributes to the SH signal change.
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With this surface potential probe available, one could envision time-resolved pump-probe

experiments. A UV pump/AR-SHS probe experiment offers the possibility to perform mea-

surements that allow to follow charge transfer dynamics with femtosecond time resolution.

This project could help to clarify the above mentioned questions and in this way generally

deepen our understanding of photocatalytic reactions at the semiconductor/liquid interface.
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8 Appendix

8.1 Fitting parameters

8.1.1 300 nm SiO2 particles in NaCl and different pH conditions (Ch. 3)

Table 8.1 – Parameters used for fitting the normalized second harmonic scattering patterns
applying the AR-SHS model. These parameters are common to all sets of ∼300 nm SiO2 data
presented and fitted.

Second harmonic wavelength λ [nm] 515
Refractive index nH2O (@ 515 nm) 1.33
Refractive index nSiO2 (@ 515 nm) 1.46

Temperature [°C] 23
Number of particles [particles/mL] 3.50 ·1010

Table 8.2 – Parameters used for fitting the normalized second harmonic scattering patterns
of ∼300 nm SiO2 particles applying the AR-SHS model. The values presented are specifically
used for fitting the pH series.

pH 5.7 10 11
Radius [nm] 145 148 142

Ionic strength [mM] 4.02 ·10−3 0.1 1

Table 8.3 – Parameters used for fitting the normalized second harmonic scattering patterns
of ∼300 nm SiO2 particles applying the AR-SHS model. The values presented are specifically
used for fitting the NaCl concentration series.

added NaCl, at pH=10 [mM] 0 0.1 1 10
Radius [nm] 147 146 142 143

Ionic strength [mM] 0.1 0.2 1.1 10.1
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8.1.2 100 nm SiO2 and amorphous TiO2 particles in NaCl and basic pH (Ch. 4)

Table 8.4 – Parameters used for fitting the normalized second harmonic scattering patterns
applying the AR-SHS model. These parameters are common to all sets of amorphous ∼100 nm
TiO2 data presented and fitted.

Second harmonic wavelength λ [nm] 515
Refractive index nH2O (@ 515 nm) 1.33
Refractive index nTiO2 (@ 515 nm) 2.61

Temperature [°C] 23
Number of particles [particles/mL] 4.26 ·1011

Table 8.5 – Parameters used for fitting the normalized second harmonic scattering patterns
applying the AR-SHS model. These parameters are common to all sets of ∼100 nm SiO2 data
presented and fitted.

Second harmonic wavelength λ [nm] 515
Refractive index nH2O (@ 515 nm) 1.33
Refractive index nSiO2 (@ 515 nm) 1.46

Temperature [°C] 23
Number of particles [particles/mL] 2.91 ·1011

Table 8.6 – Parameters used for fitting the normalized second harmonic scattering patterns
of ∼100 nm amorphous TiO2 particles applying the AR-SHS model. The ionic strength is
determined via conductivity as described in sections 2.5.2 and 4.2.3. The values presented are
specifically used for fitting the NaCl concentration series.

added NaCl [µM] 0 10 50 100 300
Radius [nm] 59 60 60 60 59

Ionic strength [µM] 40.4 46.5 91.2 134.7 311. 0

Table 8.7 – Parameters used for fitting the normalized second harmonic scattering patterns
of ∼100 nm amorphous TiO2 particles applying the AR-SHS model. The ionic strength is
determined via conductivity as described in sections 2.5.2 and 4.2.3. The values presented are
specifically used for fitting the pH series.

pH 7 9.5 10.7
Radius [nm] 63 63 59

Ionic Strength [µM] 39.1 98.0 569.7
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Table 8.8 – Parameters used for fitting the normalized second harmonic scattering patterns
of ∼100 nm SiO2 particles applying the AR-SHS model. The ionic strength is determined via
conductivity as described in sections 2.5.2 and 4.2.3. The values presented are specifically
used for fitting the NaCl concentration series.

added NaCl [µM] 0 10 50 100 300 600
Radius [nm] 65 64 62 61 60 58

Ionic strength [µM] 13.0 23.0 57.5 96.6 288. 0 561. 0

8.1.3 100 nm SiO2 and amorphous TiO2 particles in different salts (Ch. 5)

Table 8.9 – Parameters used to fit the normalized second harmonic scattering patterns of
∼100 nm SiO2 particles in NaCl, RbCl, and CaCl2 as a function of added ionic strength with
the AR-SHS model. The effective ionic strength is determined via conductivity as described
in section 2.5.2 and includes the contribution from the added salt as well as the initial ionic
strength of the solution of washed particles as further detailed in section 5.2.3.

Added ionic strength [µM] 0 10 25 50 100 200 300 600

NaCl Radius [nm] 65 64 62 61 60 58
Effective ionic strength [µM] 13.0 23.0 57.5 96.6 288.0 561.0

RbCl Radius [nm] 61 62 60 59 59 58
Effective ionic strength [µM] 14.1 16.6 59.2 112.6 198.8 323.3

CaCl2 Radius [nm] 65 60 59 58 59 58
Effective ionic strength [µM] 14.5 18.8 35.3 58.7 112.4 319.2

Table 8.10 – Parameters used to fit the normalized second harmonic scattering patterns of
∼100 nm amorphous TiO2 particles in NaCl, RbCl, and CaCl2 as a function of added ionic
strength with the AR-SHS model. The effective ionic strength is determined via conductivity
as described in section 2.5.2 and includes the contribution from the added salt as well as the
initial ionic strength of the solution of washed particles as further detailed in section 5.2.3.

Added ionic strength [µM] 0 10 25 50 100 200 300

NaCl Radius [nm] 59 60 60 60 59
Effective ionic strength [µM] 40.4 46.5 91.2 134.7 311.0

RbCl Radius [nm] 62 61 62 60
Effective ionic strength [µM] 37.9 45.6 87.3 102.4

CaCl2 Radius [nm] 63 65 63 62 62 59 59
Effective ionic strength [µM] 42.7 51.5 68.4 85.7 123.2 240.2 323.0
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8.1.4 100 nm anatase TiO2 particles as a function of pH (Ch. 6)

Table 8.11 – Parameters used for fitting the normalized second harmonic scattering patterns
applying the AR-SHS model. These parameters are common to all sets of ∼100 nm anatase
TiO2 data presented and fitted.

Second harmonic wavelength λ [nm] 515
Refractive index nH2O (@ 515 nm) 1.33
Refractive index nTiO2 (@ 515 nm) 2.58

Temperature [°C] 23

Table 8.12 – Parameters used for fitting the normalized second harmonic scattering patterns of
∼100 nm anatase TiO2 particles applying the AR-SHS model. The ionic strength is determined
via conductivity as described in sections 2.5.2 and 6.2.3. In cases where the pH was close to
neutral the ionic strength parameter was left open converging to the numbers in brackets. The
particle radius was obtained through TEM measurements. The radius was kept the same for
most pH values except for pH 5.9, where double the radius value was taken to account for
particle aggregates. Those could be observed in DLS measurements close to the PZC. MADLS
was used to obtain the number of particles in the solution as further explained in sections 2.4.1
and 6.2.3. The values presented are specifically used for fitting the anatase TiO2 pH series.

pH 4 4.5 5 5.9 6.3 7.1 9
RTEM [nm] 48 48 48 96 48 48 48

Ionic strength [µM] 69.6 23.0 (3.3) (15.4) (8.6) (11.4) 41.6
Number of particles [1010 particles/mL] 1.8 2.1 3.0 2.3 2.9 2.3 1.6
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8.2 Surface charge densities and deprotonation

8.2.1 Amorphous TiO2 particles in different pH conditions (Ch. 4)

From surface charge density values found in the literature [74–77] that were measured by

potentiometric titration, we calculated the percentage of deprotonation at pH 7 using an

initial density of 4.8 OH/nm2 as determined for the hydroxylated surface of P25 TiO2 particles

(Degussa) taken from Ref. [242]. The radius of the particles was taken as 60 nm, which is

close to what was measured in our dynamic light scattering experiments for amorphous

TiO2 particles. We obtain a deprotonation of 1% using the reported surface charge densities

of -0.00763 C/m2 for 21 nm diameter P25 TiO2 particles (Degussa) at pH 7.10 by Holmberg

et al., [74] and -0.00833 C/m2 for ≈72 nm diameter rutile TiO2 particles (CL/D 528 Tioxide

International Limited) at pH 7.13 by Yates [77]. Values up to -0.06417 C/m2 have been reported

by Machesky et al. [75] for ≈83 nm diameter rutile TiO2 particles (Tioxide Specialities Ltd.) at

pH 7.02, which correspond to deprotonation values of 8%. Similar values were reported by

Akratopulu et al. [76] for 30 nm diameter P25 TiO2 particles (Degussa) at pH 6.93 who obtained

a surface charge density of -0.05074 C/m2 which corresponds to a deprotonation of 7%.

Calculating the percentage of deprotonation in the same way for pH 9.5 by using the reported

surface charge densities of -0.06250 C/m2 for 21 nm diameter P25 TiO2 particles (Degussa) at

pH 9.3 (Holmberg et al.) [74] and -0.07431 C/m2 for ≈72 nm rutile TiO2 particles synthesized

at pH 9.6 (Yates) [77] we obtain a deprotonation of 8-10%. Higher deprotonation values, up

to 35% are calculated using a surface charge density of -0.27644 C/m2 reported at pH 9.4 by

Akratopulu et al. [76] for 30 nm diameter P25 TiO2 particles. Machesky et al. [75] found similar

values for the surface charge density of ≈83 nm diameter rutile TiO2 particles at pH 9.63

(-0.22686 C/m2) translating into 30% deprotonation. Given the fact that the measurements

in Holmberg et al., [74] Yates, [77] Machesky et al. [75] and Akratopulo et al. [76] were

performed at higher ionic strength of 0.1 M NaNO3, 1 mM KNO3, 0.03 M NaCl and 0.1 M KNO3,

respectively, the calculated deprotonation values can be regarded as an upper limit for the real

deprotonation that we expect for our amorphous TiO2 particles in the lower ionic strength

region.

8.2.2 SiO2 and amorphous TiO2 particles at neutral pH (Ch. 5)

For the SiO2 and TiO2 particles used in chapter 5, the pH of the 0.05% solutions used for the AR-

SHS measurements was ∼ 7. Using surface charge density values found in the literature that

were measured by potentiometric titration, we can estimate the percentage of deprotonation

expected for both surfaces at pH 7. As the surface charge densities for both materials have

been shown to be strongly size-dependent for particles < 25 nm, [74, 207, 208] all the references

listed here have been selected to match the size range of our particles and excluded very small

nanoparticles (< 25 nm). For both materials, the density of surface hydroxyl groups was taken

from the literature. Zhuravlev [196] showed for amorphous SiO2 that the −OH surface density
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is a physicochemical constant for a fully hydroxylated surface and does not depend in a signif-

icant way on the type of silica.

For TiO2, we use an initial density of −OH groups of 4.8 OH/nm2 as determined for the hy-

droxylated surface of P25 TiO2 particles (Degussa) taken from Ref. [242]. The radius of the

particles is taken as 60 nm, based on our dynamic light scattering experiments for amorphous

TiO2 particles. We obtain a deprotonation value of 1% using the reported surface charge

densities of -0.00763 C/m2 for P25 TiO2 particles (Degussa) at pH 7.10 by Holmberg et al., [74]

or -0.00833 C/m2 for rutile TiO2 particles (CL/D 528 Tioxide International Limited) at pH 7.13

by Yates [77]. Values up to -0.06417 C/m2 have been reported by Machesky et al. [75] for rutile

TiO2 particles (Tioxide Specialities Ltd.) at pH 7.02, corresponding to deprotonation values of

8%. Similar values were reported by Akratopulu et al. [76] for P25 TiO2 particles (Degussa) at

pH 6.93 who obtained a surface charge density of -0.05074 C/m2, which corresponds to 7%

deprotonation.

The percentage of deprotonation is estimated in the same way for SiO2. Here the initial density

of −OH groups at the surface is taken as 4.9 OH/nm2 [196]. The radius of the silica particles is

set to 60 nm based on our dynamic light scattering measurements. Using the reported surface

charge density value by Sonnefeld [206] of -0.02153 C/m2 for hydrophilic fumed silica particles

(Aerosil 300, Degussa) at pH 7, we calculate a deprotonation value of 3%. With the surface

charge density reported by Bolt [199] of -0.01 C/m2 for amorphous Silica (Ludox) at pH 7, we

obtain 1% deprotonation.

Given the fact that the potentiometric measurements were performed at higher ionic strengths

for TiO2 (0.1 M NaNO3 in Holmberg et al., [74] 1 mM KNO3 in Yates, [77] 0.03 M NaCl in Mach-

esky et al. [75] and 0.1 M KNO3 in Akratopulo et al. [76]) as well as for SiO2 (0.005 M KCl in

Sonnefeld [206] and 10−3 N NaCl in Bolt [199]), the calculated deprotonation values can be

regarded as an upper limit for the real deprotonation that we expect for our amorphous TiO2

and SiO2 particles at pH 7 and in the lower ionic strength region. For silica, a more realistic esti-

mation of deprotonation in neutral pH for low ionic strength conditions can be obtained using

effective surface charge densities reported by Yamanaka et al. [201]. The authors performed

conductivity measurements and conductometric titrations on silica particles (Seahoster KE-

P10W, Nippon Shokubai Co.Ltd.) in salt-free conditions and calculated an effective surface

charge density value of 0.0008 C/m2, which corresponds to 0.1% deprotonation. This lower

value is in good agreement with the surface charge density values calculated from surface

potential measurements that we performed on silica particles (Bangs Laboratories Inc.) in

chapter 3 and Ref. [150], where we reported surface deprotonation values of 0.04% (pH 5.7) to

0.06% (pH 10) in salt-free conditions. These results show that most silanol groups are expected

to remain protonated in neutral pH and low ionic strength conditions. For TiO2 particles, we

are not aware of surface charge density values reported in salt-free conditions. However, the

upper limit for surface deprotonation discussed above also indicates that most Ti-OH groups

remain protonated in neutral pH and low ionic strength conditions.
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8.3 Variation of fitting parameters

The normalized second harmonic scattering patterns of the particles in suspension inves-

tigated in this thesis (SiO2 or TiO2) are fitted applying the AR-SHS model to determine the

surface potential and surface susceptibility. As a mean to give an estimation of how much an

error on the material-dependent and the experimentally derived parameters could influence

the AR-SHS fits, in the following section we show how the surface potential Φ0 and surface

susceptibility χ(2)
s,2 results change when modifying the fitting parameters, namely the size, the

refractive index, the number of particles and the ionic strength. The influence of the fitting

parameters on the surface potential and the surface susceptibility is discussed on the data

collected for 100 nm diameter amorphous TiO2 particles as a function of added NaCl (shown in

chapter 4 Fig. 4.1 and in chapter 5 Fig. 5.6). Note that the results are plotted here as a function

of NaCl concentration and are identical to the ones in chapter 5 displayed as a function of ionic

strength since NaCl is a monovalent salt. Only one fitting parameter is varied at a time while

the other fitting parameters remain fixed, as stated in Tables 8.4 and 8.6 or 8.10 respectively.

a) Variation of particle radius

Figure 8.1 shows the effect of smaller and larger particle radii on the surface potential and

surface susceptibility. We use the normalized second harmonic scattering patterns measured

for 100 nm diameter amorphous TiO2 particles as a function of added NaCl and use the radius

(R) measured by dynamic light scattering (DLS) for fitting. We then vary the radius fitting

parameter by 10 nm (R +10 nm and R −10 nm). Note that we use the same normalized SHS

pattern for the fitting and only change the input fitting parameters.

Figure 8.1 A shows that the surface potential trends remain the same when the particle radius

R is varied by 10 nm in the fitting input parameters. The surface potentials at 0µM and at
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Figure 8.1 – Surface potential Φ0 (A) and surface susceptibility χ(2)
s,2 (B) of TiO2 as a function

of added NaCl concentration. Φ0 and χ(2)
s,2 were obtained by fitting the corresponding AR-

SHS pattern of ∼100 nm diameter TiO2 particles in suspension in PPP and PSS polarization
combination. The graph shows the effect of a variation of the particle size fitting parameter,
where R is the radius of the particle as measured by dynamic light scattering (DLS).
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300µM show the largest divergence when the size parameter increases or decreases by 10 nm.

Although the surface potential values are not identical for different radius values, the same

three regions (i, ii and iii) described in the main text (chapters 4 and 5 can be identified. In

Figure 8.1 B a similar observation can be made regarding the trends of the surface susceptibility.

While the surface susceptibility values change, the overall water orientation behavior remains

the same, including the flipping point from negative surface susceptibility values to positive

surface susceptibility values (change from average water orientation with oxygens pointing

towards the surface to hydrogens pointing towards the surface).

b) Variation of the number of particles

Figure 8.2 shows the surface potential and surface susceptibility as a function of added NaCl

concentration when varying the number of particles (NP) fitting input parameter [parti-

cles/mL]. Similar to the previously shown variation of size in Figure 8.1, we see in Figure

8.2 that the overall trends of surface potential and surface susceptibility remain the same

when fitting with a higher or lower number of particles by one order of magnitude. The same

three regions (i, ii, iii) as described in chapters 4 and 5 in the main text can be found (not

visible on this y-scale for the largest amount of particles) and the flipping point of the surface

susceptibility remains between 10µM and 50µM added salt when the number of particles is

changed in the fitting. Even though the values of the surface potential and surface susceptibil-

ity are changed when fitting with different numbers of particles, the overall surface potential

and surface susceptibility trends are not impacted by one order of magnitude change in this

parameter.
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Figure 8.2 – Surface potential Φ0 (A) and surface susceptibility χ(2)
s,2 (B) of TiO2 as a function

of added NaCl concentration. Φ0 and χ(2)
s,2 were obtained by fitting the corresponding AR-

SHS pattern of ∼100 nm diameter TiO2 particles in suspension in PPP and PSS polarization
combination. The graph shows the effect of a variation of the number of particles (NP) fitting
parameter [particles/mL].
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c) Variation of particle refractive index

In Figure 8.3, the surface potential and surface susceptibility as a function of added NaCl

concentration are shown with a variation of the refractive index. Previous reports in the liter-

ature have stated a value of 2.61 [157] for the refractive index of amorphous TiO2 films. We

have therefore chosen this value to fit the normalized SHS patterns of the amorphous TiO2

particles used in chapters 4 and 5 to be comparable between our results. However, for amor-

phous particles, refractive index values as low as 1.9 have been reported [333]. Additionally, a

report on particles composed of an anatase core and an amorphous titania-shell structure

has demonstrated tailoring of the shell refractive index from 1.5 to 2.3 [334]. Because of this

wide range of refractive indices reported for amorphous TiO2, we here show the results of the

fitting procedure using refractive indices of 1.8 as an intermediate value, and 1.46 as the lower

limit (the latter one corresponding to the refractive index of silica). While the surface potential

values differ by less than 100 mV, which is for most of the ionic strength points investigated

a smaller deviation than the variation induced by the statistical error of our measurements,

the surface susceptibility values change by nearly one order of magnitude. Nevertheless,

the surface susceptibility trends do not change as the flip in sign occurs between 10µM and

50µM added NaCl for all the three refractive indices used for the fitting. We can therefore

conclude that the choice of the refractive index does mainly influence the values of the surface

susceptibility, while the values of the surface potential are barely changed and only to the

extent that is in most cases covered by the statistical error of the measurement. Despite these

variations, the overall trends of surface potential and surface susceptibility as a function of

salt concentration for all three refractive indices remain the same.
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Figure 8.3 – Surface potential Φ0 (A) and surface susceptibility χ(2)
s,2 (B) of TiO2 as a function

of added NaCl concentration. Φ0 and χ(2)
s,2 were obtained by fitting the corresponding AR-

SHS pattern of ∼100 nm diameter TiO2 particles in suspension in PPP and PSS polarization
combination. The graph shows the effect of a variation of the refractive index (RI) fitting
parameter.
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d) Variation in the ionic strength

Figure 8.4 shows the influence of a decrease or increase of the ionic strength fitting parameter

by one order of magnitude on the surface potential and surface susceptibility of ∼100 nm

diameter amorphous TiO2 particles as a function of added NaCl. In contrast to the change of

size, number of particles or refractive index, the change of ionic strength strongly influences

the values and trends of the surface potential and surface susceptibility. The surface potential

values differ by up to one order of magnitude (from around 200 mV to 2 V) for a higher ionic

strength. Regarding the surface susceptibility, the flipping point changes from between 10µM

and 50µM to between 50µM and 100µM for an ionic strength that is one order of magnitude

higher. Note that a lower ionic strength by one order of magnitude induces less changes in the

surface potential values and does not change the surface susceptibility flipping point.

The hypothetical situation described in Figure 8.4 could only occur if there was an order of

magnitude discrepancy between the ionic strength extracted from conductivity measurements

(this procedure is further explained in section 2.5.2), used to fit the data, and the real ionic

strength in the solution. However, it is important to mention that it is implausible to introduce

an error of one order of magnitude on the ionic strength parameter. In our experimental

procedure, we measure the conductivity by two different means (conductivity meter and

conductivity obtained through zeta potential measurements, see section 2.5.2), which allows

for a cross-check. We then convert the value obtained using a conductivity meter into ionic

strength to perform our fitting (for more details see 2.5.2). Nevertheless, compared to all the

parameters shown above (radius, number of particles, refractive index) the ionic strength is

the fitting parameter with the strongest influence onΦ0 and χ(2)
s,2 as it can change the general

surface potential and surface susceptibility trends.
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Figure 8.4 – Surface potential Φ0 (A) and surface susceptibility χ(2)
s,2 (B) of TiO2 as a function

of added NaCl concentration. Φ0 and χ(2)
s,2 were obtained by fitting the corresponding AR-

SHS pattern of ∼100 nm diameter TiO2 particles in suspension in PPP and PSS polarization
combination. The graph shows the effect of a variation of the ionic strength fitting parameter.

128



8.4. Comparison of different TiO2 core-shell thicknesses (Ch. 5)

8.4 Comparison of different TiO2 core-shell thicknesses (Ch. 5)

While the preparation of small-sized (< 20 nm) amorphous TiO2 colloidal suspensions is well

established, [335–340] the preparation of aqueous suspensions of uniform and monodispersed

amorphous TiO2 particles with a larger diameter (> 100 nm diameter) remains challenging

and is the subject of more recent work [341, 342]. Commercially-available amorphous TiO2

aqueous colloidal suspensions are therefore usually found as core-shell particles with a SiO2

core. As the main contribution to the AR-SHS signal is given by water molecules oriented at

the TiO2 surface (see section 2.3.1), our experiment only requires the presence of a few atomic

layers of TiO2 in contact with the aqueous solution. To support this point, we show below that

the AR-SHS data does not depend on the thickness of the TiO2 shell. Therefore, this property

allows us to use core-shell particles to study the colloidal amorphous TiO2/aqueous interface,

difficult to access otherwise.

The data presented in chapter 5 were obtained on ∼100 nm diameter amorphous TiO2 parti-

cles from Corpuscular Microspheres Nanospheres (2.5% w/v stock solution in water). Dynamic

light scattering characterization data before and after growth of the TiO2 amorphous shell were

provided by Corpuscular Microspheres Nanospheres, indicating the growth of a 5-10 nm-thick

layer of amorphous TiO2 on a 90-100 nm silica core. In order to verify that the shell thickness

of the investigated particles is sufficient to avoid any contributions of the SiO2 core to our

signal, we investigated identically-sized particles with a different shell thickness. Aqueous

dispersions of 100 nm diameter particles with a 20-30 nm silica core and a 30-40 nm thick

amorphous TiO2 shell (custom amorphous TiO2 dispersion, cat. number DNG-GT015) were

purchased from Creative Diagnostics. The particles were prepared and washed in the same

way as the Corpuscular Microspheres Nanospheres particles (described in section 5.2.2). In

the following we show that the surface potential and interfacial water order as a function of

NaCl concentration are independent of the thickness of the amorphous TiO2 shell.

Figure 8.5 A shows the surface potential of 100 nm diameter TiO2 amorphous core-shell

particles (Creative Diagnostics) with a shell thickness of 30-40 nm compared to identically

sized TiO2 amorphous core-shell particles from Corpuscular Microspheres Nanospheres with

a shell thickness of 5-10 nm. It can be seen that the surface potential values are similar for the

two different core-shell particles from different suppliers. The different core-shell thicknesses

of the two particle types investigated do not notably influence the surface potential trends.

Therefore, it can be concluded that our SHS surface potential is only influenced by a few

atomic layers of TiO2 in contact with the aqueous interface and independent of the nature of

the core particle.

Figure 8.5 B shows the surface susceptibility χ(2)
s,2 of 100 nm diameter particles with a 30-40

nm amorphous TiO2 shell (Creative Diagnostics) compared to 100 nm diameter particles with

a 5-10 nm amorphous TiO2 shell (Corpuscular Microspheres Nanospheres). The values of

the surface susceptibility of the two kinds of particles are slightly different (Creative Diag-

nostics shows about double the surface susceptibility value compared to the Corpuscular

Microspheres Nanospheres particles) and the flip in sign of χ(2)
s,2 occurs in between 10µM to

50µM for the Corpuscular Microspheres Nanospheres particles whereas it occurs in between
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Figure 8.5 – Surface potentialΦ0 (A) and surface susceptibility χ(2)
s,2 (B) of ∼100 nm diameter

core-shell TiO2 particles in suspension as a function of added NaCl concentration. Φ0 and
χ(2)

s,2 were obtained by fitting the corresponding AR-SHS pattern in PPP and PSS polarization
combination. The graphs show identically sized particles from two different suppliers (Corpus-
cular Microspheres Nanospheres vs Creative Diagnostic) with different TiO2 shell thicknesses:
5-10 nm (Corpuscular) vs 30-40 nm (Creative Diagnostic).

50µM to 100µM added ionic strength for the particles from Creative Diagnostics. These

differences can be explained by the Corpuscular Microspheres Nanospheres particles exhibit-

ing a higher conductivity after the washing process, which translates into a higher intrinsic

ionic strength of the particles when no salt is added to the solution. While the Corpuscular

Microspheres Nanospheres particles have an ionic strength of 4.0 · 10−5 M at 0µM added salt,

the Creative Diagnostics particles have an ionic strength of 2.4 · 10−5 M at 0µM added salt,

assuming that the measured conductivity originates from residual NaOH that was used in the

synthetic process. Adding the intrinsic ionic strength of the particles to the one due to NaCl

incorporation (effective ionic strength), the flip in sign of the surface susceptibility χ(2)
s,2 of the

Corpuscular Microspheres Nanospheres particles can be estimated in between 4.6 · 10−5 M

and 9.1 · 10−5 M effective ionic strength, whereas the change in sign occurs in between 7.0 ·
10−5 M to 1.3 · 10−4 M for the Creative Diagnostics particles. This comparison highlights that

the flipping point of χ(2)
s,2 occurs in a similar ionic strength range for both shell thicknesses

and confirms the results obtained above: as AR-SHS only probes a few monolayers at the

surface, both surface potential and interfacial water orientation data are independent of the

shell thickness. The slightly higher surface susceptibility values could be explained by minor

variations in the surface structure of the colloids resulting from different synthetic procedures

of the two suppliers. Additionally, the Creative Diagnostics particles display a higher amount

of organic contaminants after two washing steps, as determined by elemental analysis (4.36%

C, 2.24% H, and 1.5% N for Creative diagnostics vs 1.04% C, 0.31% H, and 0% N for Corpuscular

Microspheres Nanospheres). The presence of a higher organic residue after two washing steps,

possibly due to stabilizing surfactants, could explain the slight differences in interfacial water

order observed for the two different batches.
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8.5 AR-SHS patterns support evidence of inner-/outer-sphere

adsorption (Ch. 5)

In general, the AR-SHS patterns are strongly dependent on the particle size and the ionic

strength of the solution, [107, 113, 127] which can also be seen from equation 2.8 in section

2.3.1. The SHS intensity is proportional to the effective particle susceptibilities Γ(2) and Γ(3)′

that contain form factors depending, amongst others, on the geometry of the particle [113,

127]. One of the geometrical form factors contained in the contribution, (F3(qR,κR)), is a

function of the inverse Debye length. Therefore, it is influenced by the ionic strength and by

how far the electrostatic field generated between the particle surface and the ions reaches into

the solution for a given ionic strength range. For spherical particles up to 100 nm, one can

calculate that the F3(qR,κR) factor has a significant influence on the scattering patterns up

to 1 mM ionic strength, which includes our investigated ionic strength range (0-600µM). In

this case, the AR-SHS intensity is mainly associated with the thickness of the shell of water

molecules oriented by the electric field. A decrease in the AR-SHS signal can therefore be

visualized as a scenario where the electrostatic field extends less deeply into the solution,

which results in fewer water molecules that are oriented and probed by the AR-SHS scattering

technique.

We can use this property to examine the AR-SHS patterns presented in Figure 5.1 in chapter 5.

For Na+ and Rb+ on SiO2, the SHS intensity drops by a factor of 2 between 0 and 10µM. For

Ca2+ on SiO2, the SHS intensity drops by a factor 3 in the same interval. This result indicates

that the probed shell of water molecules is smaller in the case of Ca2+ and that the electric

field penetrates less deeply into the bulk solution. Such a situation would correspond to the

presence of an outer-sphere layer around the particles, which starts to form at lower ionic

strength for Ca2+ than for Na+ and Rb+ on SiO2. For Ca2+ on TiO2, the AR-SHS scattering

patterns show a less drastic decrease in normalized SHS intensity at low ionic strength (0 to

10µM) compared to SiO2. The decrease in SHS intensity is more similar to the case of Na+ and

Rb+ on TiO2 in the same ionic strength interval. This result suggests that the overall probed

shell of the aqueous environment around the TiO2 particles is not reduced in the same way as

for Ca2+ on SiO2, supporting the idea of preferential inner-sphere adsorption of Ca2+ on TiO2.
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8.6 Molecular dynamics simulations at different salt

concentrations (Ch. 5)

Table 8.13 – Ion adsorption partitioned as inner-sphere or outer-sphere complex or in diffuse
layer at the quartz (101) surface by MD simulations for different concentrations and salts. The
left column indicates the number of ion pairs introduced in the system and the corresponding
bulk concentration in [M]. The rows in bold correspond to the values shown in Table 5.2 of
chapter 5, where the number of NaCl, RbCl, or CaCl2 ions added to the system was set to
achieve a similar bulk ionic strength for all solutions (i.e., the ratio of bulk ionic concentrations
of CaCl2 and NaCl/RbCl was ∼1:3). Error bars are shown in parenthesis.

SiO2

#/bulk concentration [M] inner-sphere [%] outer-sphere [%] diffuse layer [%]
Na+ 6/∼0.09 22 (<1) 20 (1) 58 (<1)
Na+ 9/∼0.13 23 (1) 19 (<1) 58 (1)
Na+ 18/∼ 0.28 20 (<1) 20 (<1) 60 (1)
Rb+ 6/∼0.09 26 (<1) 18 (<1) 56 (<1)
Rb+ 9/∼0.15 26 (1) 18 (<1) 56 (1)
Rb+ 18/∼ 0.28 25 (1) 18 (<1) 57 (1)
Ca2+ 6/∼ 0.09 4 (<1) 20 (<1) 76 (1)
Ca2+ 9/∼0.14 2 (1) 21 (<1) 77 (1)
Ca2+ 18/∼0.29 2 (1) 22 (<1) 76 (1)

Table 8.14 – Ion adsorption partitioned as inner-sphere or outer-sphere complex or in diffuse
layer at the rutile (110) surface by MD simulations for different concentrations and salts. The
left column indicates the number of ion pairs introduced in the system and the corresponding
bulk concentration in [M]. The rows in bold correspond to the values shown in Table 5.4 of
chapter 5, where the number of NaCl, RbCl, or CaCl2 ions added to the system was set to
achieve a similar bulk ionic strength for all solutions (i.e., the ratio of bulk ionic concentrations
of CaCl2 and NaCl/RbCl was ∼1:3). Error bars are shown in parenthesis.

TiO2

#/bulk concentration [M] inner-sphere [%] outer-sphere [%] diffuse layer [%]
Na+ 6/∼0.10 83 (3) 6 (<1) 11 (1)
Na+ 9/∼0.16 82 (<1) 7 (<1) 11 (1)
Na+ 18/∼ 0.33 76 (1) 7 (<1) 17 (1)
Rb+ 6/∼0.11 75 (2) 7 (1) 18 (1)
Rb+ 9/∼0.19 73 (5) 7 (<1) 20 (2)
Rb+ 18/∼ 0.36 71 (<1) 7 (<1) 22 (<1)
Ca2+ 6/∼0.08 99 (7) 1 (<1) 0 (2)
Ca2+ 13/∼ 0.12 97 (1) 0 (<1) 3 (<1)
Ca2+ 18/∼0.31 93 (2) 0 (<1) 7 (<1)
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8.7 Band bending at the semiconductor/liquid interface with and

without illumination (Ch. 7)

The semiconductor TiO2 is intrinsically n-doped due to oxygen vacancies in the material. If

an n-doped semiconductor is in contact with an electrolyte under equilibrium conditions,

the Fermi-level EF of the semiconductor and the redox-level of the electrolyte Eredox will

establish an equilibrium (EF = Eredox). This causes the formation of a positively charged space

charge layer (wscl), as electrons from the semiconductor surface will be transferred to the

electrolyte until the equilibrium is established. This leads to a bending of the energy bands of

the semiconductor, as it is shown in Figure 8.6 A. The potential drop inside the semiconductor

A                                                             B                                                                

EV

EC

EF Eredox

wscl

∆φmax+
++
+++

++

Egap

n-type semiconductor electrolyte
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EC E∗
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Figure 8.6 – Schematic illustration of the band bending of a n-doped semiconductor in contact
with an electrolyte (A) under equilibrium conditions and (B) under illumination. EV indicates
the valence band, EC the conduction band and Egap the energy gap between the two. The space
charge layer wscl and the band bending potential ∆Φmax and their evolution with and without
illumination are shown. ∆Φ∗

max describes the band bending potential under non-equilibrium
conditions. The Fermi-level EF and the quasi-Fermi levels E∗

F,n and E∗
F,p of the semiconductor,

as well as the redox-level Eredox of the electrolyte solution are displayed. ∆ΦSPV is the surface
photovoltage. The band bending is reduced under illumination as a consequence of the
generation of electron-hole pairs and quasi-Fermi levels under non-equilibrium conditions.
See Refs. [212, 213, 237, 332, 343] for more details.

can be described by the Poisson-Boltzmann equation. The Debye length depends on the

intrinsic donator density Nd of the semiconductor and can be written as follows:

LD =
√
ε0εr kB T

e2Nd
. (8.1)

In a case where the radius of the particle is in the size range of the space charge layer (R ≈ wscl)

the maximum band bending ∆Φmax can be approximated as follows:

∆Φmax ≈ kB T

6e

(
R

LD

)2

. (8.2)
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The band bending will change under illumination due to the creation of electron-hole pairs

(e− and p+) so that the electrons that are lifted to the conduction band screen the charges

in the space charge layer wscl (see Fig. 8.6 B) [332]. This is why we expect a reduction of the

maximum band bending under illumination with respect to the maximum band bending

under equilibrium condition (∆Φ∗
max <∆Φmax). The band bending change can be expressed

as ∆ΦSPV = ∆Φmax −∆Φ∗
max. The higher Nd , the lower εr , and the larger the particle radius

R, the higher is the maximum band bending ∆Φmax and the more probable it becomes that

∆ΦSPV can be resolved experimentally.
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