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Abstract
TiO2 is known to change its wetting properties under UV light. In this thesis, the
photoinduced hydrophilicity (PIH) of TiO2 surfaces is examined with the goal of extending
the range of wavelengths to the visible and NIR regions.
Chapter 2 examines the wetting properties of sub-stoichiometric titanium dioxide
(TiO2-x). Single crystal rutile (110) TiO2 surfaces were reduced (TiO2-x where x<0.06) and
characterized using XRD, XPS, UV-Vis spectrophotometry, and AFM. The increase in
wetting of the surfaces under ultraviolet (UV) and visible light irradiation was investigated by
contact angle analysis. Conversion back to their original hydrophobicity was attained by IR
heating. Complete wetting by water was measured for all samples, including a
simultaneously tested stoichiometric TiO2 surface, within 5 minutes under UV irradiation.
Under visible light, the reduced TiO2-x surfaces showed an increase in wetting behavior while
the TiO2 surface did not. The contact angles of the reduced surfaces decreased 20o-30o
within 1 hour of visible light irradiation, but did not attain a state of complete wetting. The
surface with greater reduction attained a lower contact angle than the less reduced surface
and lowered its contact angle at a higher rate. The asymptotic approach to finite contact
angle values well above complete wetting under visible light irradiation for the TiO2-x
surfaces may provide a means to investigate the currently debated mechanism behind TiO2
being able to convert to a state of complete wetting.
Chapter 3 examines stable water-in-oil (w/o) Pickering emulsions created using
hydrophobically modified TiO2 nanoparticles at the water/oil interface. The emulsions were
made unstable by exposure to UV light. The results of the destabilization are compared to
macroscopic contact angle studies of the same hydrophobic TiO2 nanopowder in air. The
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results suggest that the Pickering emulsion destabilization is due to the TiO2
photocatalytically degrading the hydrophobic coating and undergoing a contact angle change
sufficient to cause the particles to leave the water/oil interface and enter the water phase.
Chapter 4 examines a combined surface composed of hydrophobic TiO2
nanoparticles and upconversion nanoparticles (UCNP). Core-shell UCNP were synthesized
using an oleates-based synthesis process. The core and shell used a NaYF4 crystalline
support structure. The core was doped with Yb, Tm, and Nd and the shell with Y and Nd
(NaYF4:Yb,Tm,Nd@NaYF4:Y,Nd) in doping ratios appropriate to create nanoparticles that
radiate in the UV range when irradiated with intense near-infrared (NIR) 980 nm or 808 nm
radiation. High intensity, 1 W lasers were used to apply the necessary irradiation. The UV
emission from the stimulated UCNP was hoped to be of sufficient intensity to cause the
hydrophobic coating on the TiO2 nanoparticles to break down due to the photocatalytic
activity of TiO2. Combined hydrophobic UCNP/TiO2 surfaces were created by mixing 1%,
5%, and 10% UCNP by weight. The 5% and 10% surfaces were found to respond to NIR
irradiation within 30 minutes by a lowering of their contact angles by as much as 15o.
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Introduction
A wide variety of approaches have been explored in the attempt to attain a system
with controllable wetting properties. These approaches include manipulating magnetic fields
over magnetically responsive materials1,2, applying electric fields – both static and
oscillating3,4, combining materials with different wetting properties5, roughening or
nanostructuring materials6,7,8, adjusting the pH of immersed surfaces9, forcing a liquid to
spread at a certain speed10, directly changing the energy of a given surface via partial or
complete coating11, and changing the frequency and/or the intensity of light irradiation on
the substance under examination12,13.
In this thesis, a number of modalities will employ titanium dioxide as the central
material to create surfaces that will change their wetting properties when irradiated by
specific frequencies of light. TiO2 is a well-known photoactive substance14. One aspect of
this photoactivity is that stoichiometric TiO2 will change its wetting properties and lower its
contact angle when polar liquids come in contact with it after or during irradiation. Due to
the band gap energy, this photoinduced hydrophilicity (PIH) will only manifest if the
wavelength of the irradiation is smaller than visible light wavelengths15. The presented
experiments will explore applications based on this photoinduced wetting property as well as
extending the range of response to visible and infrared irradiation wavelengths.
One of the limitations of using TiO2 as a medium to investigate wetting changes is
that it only displays such activity under ultraviolet (UV) light. Even under intense
bombardment by visible light, titanium dioxide will not change its contact angle. In Chapter
2, non-stoichiometric TiO2 produced by vacuum heating stoichiometric TiO2 is used to
1

create a material that extends the range of wavelengths that induces increased wetting to
visible light.
In Chapter 3, nanoparticles of stoichiometric TiO2 with a hydrophobic coating are
used to explore a novel application of the photoactivity of TiO2. These nanoparticles are
used to create “Pickering” emulsions with the TiO2 nanoparticles stabilizing the emulsion.
These emulsions are shown to remain stable for months but destabilize within minutes
under UV irradiation.
In Chapter 4, methods are explored to further extend the range under which TiO2
could be used as a primary medium to modify wetting properties of a surface by attempting
to manifest PIH under near-infrared (NIR) irradiation. This is accomplished by creating and
utilizing upconversion nanoparticles (UCNP). UCNP have the ability to absorb two or
more lower energy photons and emit one higher energy photon. The synthesized UCNP
were tuned to upconvert 808 nm and 980 nm wavelengths to wavelengths in the UV range.
These UCNP were mixed with hydrophobic TiO2 nanoparticles to create compressed
particle surfaces that respond to NIR radiation when the UCNP-produced ultraviolet
photons cause the TiO2 to become photoactive, thereby increasing the wettability of the
combined surface.

Contact Angles
Contact Angle Definitions
The ability of a liquid to wet a solid can be quantified by measuring the angle at which
the liquid/vapor interface intersects the solid (Fig 1.1). This angle is referred to as the
“contact angle” and the line where the interface contacts the solid is called the three-phase
contact line. A thermodynamic derivation of the contact angle follows from minimizing the
2

free energy. Imagine displacing the boundary of the sessile drop by an infinitesimal amount
(Fig. 1.1). The change in free energy of the overall system in Fig. 1.1 is governed by the
change in areas of the three types of interface, solid-liquid, solid-vapor and liquid-vapor with
interfacial free energies γSL , γSV and γLV, respectively. The change in free energy per unit
length of contact line in Fig. 1.1 is:
(1)

dG = (γSL - γSV)dx + γLV cos(θ)dx .

At equilibrium, dG must be zero giving the equation:
(2)

γLV cos θ = γSV – γSL..

This equation is known as the Young equation16 after its well-known discoverer. Pertinent
to the research in Chapter 3, the vapor can be replaced with another immiscible liquid so
that Young’s equation will also describe the contact angle on a solid at the interface between
two liquids.

Figure 1.1 (left) Sketch of a sessile drop on a surface. The contact angle θ is the angle between the liquid vapor
interface and solid surface at the contact angle where all three phases meet. Vectors indicate the direction of
the forces from interfacial tension that act on the contact line (right). When a sessile drop on a solid surface
spreads an infinitesimal amount dx, the area that the drop covers increases in proportion to dx and there is a
corresponding decrease in the area of the solid that was previously uncovered. In addition, the area of the
liquid-air interface expands in proportion to dx cos θ.
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The interpretation of the contact angle in terms of wetting interactions follows from the
magnitude of θ. This can be seen more clearly by manipulating (2) to isolate the contact
angle:
cos θ 

(3)

γ SV  γ SL
.
γ LV

This indicates that when 0° ≤ θ < 90° the free energy of the solid-vapor system must be
higher than the solid-liquid system. The overall system will reach an equilibrium in which
the liquid has spread and minimizes the exposed solid to lower the overall free energy.
Therefore, systems with contact angles in this range are referred to as “wetting”. When 90°
< θ ≤ 180° the opposite occurs and the liquid will be repelled by the surface in order to
minimized the covered surface to lower the overall energy. Systems with contact angles in
this range are referred to as “non-wetting”. However, it must be kept in mind that these
categories serve as classifications but that ratios within these ranges are commonly
referenced using the same labels. For example, one system with a contact angle of 20° will
be referred to as more wetting than a system with a contact angle of 40° even though both
are categorically wetting. In the case of water, wetting and non-wetting surfaces are called
hydrophilic and hydrophobic.

Wenzel and Cassie-Baxter Wetting
Roughness increases the total area of the solid surface that contributes to the interfacial
free energy, and thus changes the contact angle. The “rugosity factor” – denoted r – is
defined as:
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(4)

r

A true

A0

where Atrue denotes the true area of the surface if all of the bumps and pits of the rough
surface were to be spread out and A0 is the area projected along the average surface normal.
The contributions of solid free energies in eqn. 1 is increased by r, leading to:
(5)

cos θapp = r cos θtrue .

where θapp is the expected angle on rough surfaces, θtrue the local angle on an equivalent
smooth surface and the system will be perfectly wetting (non-wetting) if the right hand side
is greater than +1 (less than -1). This equation is often referred to as the Wenzel equation
for rough surfaces4. Since the true area will always be larger than the smooth area, r will
always be greater than one. Therefore, if a smooth surface is wetting, then a rough surface
of the same material will wet more readily making the apparent contact angle smaller. By the
same reasoning, a surface with a contact angle above 90o will gain a higher contact angle if
that surface is roughened.
A heterogeneous surface with different local wetting properties can be treated in a
similar way. The interfacial free energy is assumed to be a weighted average of different types
of surface with weight φi equal to the fraction of the surface that has a local contact angle θi.
The cosine of the apparent contact angle will just be the weighted average of the cosines for
each type of surface
(6)

cos θapp = φ1 cos θ1 + φ2 cos θ2 + … ,

which is known as the Cassie-Baxter equation17. A special situation involves the so-called
“Lotus effect” where the surface is nanostructured in such a way that spreading water traps
air in the nano-sized holes instead of filling the holes with water18. This trapped air has an
5

effective contact angle of 180o and therefore makes the contact angle of the whole surface
very hydrophobic even if the surface that the water does contact is not hydrophobic8.

Hysteresis
Contact angle hysteresis describes the difference between advancing contact angle (θA) –
the angle that the interface makes with the solid as the front advances over the surface – and
the receding contact angle (θR) – the angle relative to the solid as the liquid recedes. Many
different factors contribute to hysteresis. For example, molecules can adsorb or desorb
while a liquid contacts the solid. This means that the surface that an advancing contact line
meets may be different from the surface a receding contact line leaves behind. The
associated change in interfacial energy means that θA and θR must be different4,5,19.
Another common factor contributing to hysteresis is roughness of the surface. Young’s
equation applies relative to the local angle of the surface not the average plane of the surface.
Fig. 1.2a illustrates an advancing contact line with equilibrium angle θo coming to a corner
where the surface slope changes. At the corner, the surface normal is not well-defined. The
angle can have any value between θo and θo+α (Fig. 1.2b). Once the interface reaches an angle
of θo+α, it can move past the corner (Fig. 1.2c). A contact line on a rough surface samples
roughness in different ways when advancing and receding. An advancing line is more likely
to get stuck on downward slopes like that in Fig. 1.2c and require an angle close to θo+α to
move. A receding line is more likely to get stuck where the change in slope is opposite and
have an angle close to θo-α.
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Figure 1.2 Contact angle hysteresis. (a) A liquid with a given contact angle approaches a small pit. (b) When
the liquid hits the edge of the pit it is “pinned” there until the liquid at this advancing contact line swells
enough so that (c) the liquid is able to “de-pin” and move onto the ramp where it locally assumes the initial
equilibrium contact angle.

Another common factor that contributes to hysteresis is the heterogeneity of the surface.
If different regions of a surface are chemically or structurally different – by design or by
contamination – then this will cause the contact line to be “pinned” depending on if the
contact line is advancing or receding. For example, if the liquid is water, then as the drop of
water advances it will be pinned at hydrophobic regions. Similarly, the receding contact line
will be pinned on the hydrophilic regions.

Titanium Dioxide
TiO2 is one of the most abundant oxides on earth20,21 appearing in its reduced form
as “black sand” in quantities sufficient to make its metal – titanium – the 9th most abundant
element on earth22. It is used as a whitener in a wide variety of applications from paint23 and
– demonstrating its tremendous safety profile – in foods such as milk and even baby
formula24. Given its abundance and safety profile, finding technological applications for
TiO2 is desirable but limited by the wide size of its bandgap – 3.0 eV and 3.2 eV for rutile
and anatase, respectively25. The size of this bandgap limits any photoactivity to the UV
range which represents only 3% of the solar spectrum26.
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TiO2 has three common crystal forms: anatase, rutile, and brookite. Under extreme
pressures, a fourth form can be manufactured – cotunnite – that has the distinction of being
the hardest known oxide27 as of 2009. For the purposes of this manuscript, only the anatase
and rutile phases will be examined. Rutile TiO2 is the stable state and anatase is metastable,
undergoing a restructuring to rutile at temperatures between 500-800oC at 1 atm28. For rutile
TiO2, the (110) and the (100) types are the most common experimental surfaces. The (110)
is most thermally stable because, under vacuum, it has the lowest amount of dangling
bonds29. Type (100) surfaces convert to the (110) form at 475oC. The (110) form is the
common basis for rutile TiO2 single crystal experiments and is the experimental medium for
the single crystal experiments presented here (see Chapter 2). The structure of the (110)
surface consists of rows of Ti atoms coordinated with five oxygen alternating with Ti atoms
coordinated with six oxygen. It is these 6-coordinated Ti that are responsible for bridging
oxygens.
Anatase is widely used in photocatalytic and photowetting applications - despite its
metastable nature – because it is a more efficient utilizer of photon energy as will be
explored below27. Of the various forms, the (101) and the (001) surfaces are the most
common and both appear in popular nanopowders such as those utilized here (See Chapter
3). The (101) structure involves an intertwining of bridging oxygen within the Ti rows,
followed by a bridging oxygen row, followed by a Ti row. The (001) structure is a simpler
pattern of bridging oxygen adjacent to an intertwined Ti and bridging oxygen row.
Both forms base their structure about TiO6 octahedra. The different properties of
anatase and rutile reflect how much each type distorts its octahedra and by how the chains of
octahedra are strung together30. In the unit cell of each (Fig. 1.3) each Ti4+ is surrounded by
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six O2-, but the octahedra formed is not perfect. The rutile phase distorts slightly from
octahedral structure with a slight orthorhombic distortion. The anatase is severely distorted
such that its symmetry is lower than orthorhombic.

Figure 1.3 The unit cell structure of (a) anatase and (b) rutile TiO2 (Zhang et al.31 © 2014 the Owner Societies)

The direct result of the different numbers of nearest neighbors and degrees of distortion
of the octahedral structure is that the different phases have different densities with anatase
naturally less dense – at 3.89

g
cm

3

– than rutile at 4.25

g
cm 3

32

. Other differing properties

generated by these structural differences become evident in discussing the electrical
properties of TiO2.

Electrical Properties of TiO2
The structural differences between rutile and anatase results in a difference in electrical
properties. For example, the distortion of the Ti-O octahedral structure of anatase results in
a lower density of anatase which may explain why generated excitons are bound in anatase
whereas rutile tends to favor “free” excitons32. Most pertinent for our discussion, anatase
has a band gap of 3.2 eV and rutile has a band gap of 3.0 eV stemming from these structural
differences. Anatase mainly gains its extra 0.2 eV via its conduction band being higher than
rutile as the valence bands of each phase are the same33. Another difference between the
phases is the type of bandgap each possesses. For any bandgap, the highest probability of
9

creating charge carriers happens when there is coupling between highest density of states
(DOS) at the maximum of the valence band and the minimum of the conduction band. For
rutile, this happens at the same point in k-space making it a direct bandgap semiconductor –
wherein an electron can jump to its excited state without any help from the surrounding
lattice. For anatase, this happens at different points in k-space forcing a stimulated electron
to rely on surrounding phonons to acquire the value of momentum necessary to occupy an
excited state. Phonon involvement also increases recombination time. This, combined with
the fact that the effective electron mass in rutile is about twenty times larger than in anatase,
means more photoelectrons will reach the surface in anatase where they can interact with
surface species. In all, photogenerated electrons and holes in anatase will survive an order of
magnitude longer than their counterparts in rutile and this may partially explain why anatase
utilizes photon energy more efficiently31.
Under a wide variety of conditions (See Reduced TiO2 below) TiO2 may be induced to
jettison its oxygen leaving behind oxygen vacancies. These defects then become the source
of electrical conductivity due to the newly created Ti3+ sites34. These vacancies can have zero
to two electrons associated with them. The ease with which these vacancies are generated
may account for the early observation that both the anatase and rutile forms of TiO2 are ntype semiconductors35.

Photocatalytic Activity of TiO2
When TiO2 is irradiated by a sufficiently energetic source, photogenerated holes (h+) and
electrons (e-) will be produced. If immersed in water and attached to a circuit with a proper
counter-electrode this excitation will induce photoelectrolysis14 by the reactions:
(7)

2H2O + 4h+ → O2 + 4H+
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2H+ + 2e- → H2

(8)

However, free from a circuit, the holes and electrons produced by photoexcitation
have the opportunity to participate in catalytic processes if the excited charge carriers
are able to make it to the interface and survive long enough to react with adsorbed
surface species. On TiO2 these excited charge carriers survive recombination by
becoming trapped at separate sites36. The exciton recombination in rutile TiO2 –
and, therefore, necessarily in anatase - is slow enough so that it competes with
interfacial charge transfer.
Once the surface is set up with such potential reducing and oxidizing sites the
resulting photocatalytic activity TiO2 will produce an astonishing variety of additional agents
useful for yet more photocatalytic activity. Some reactions include:
(9)

O2 + 2e- + 2H+ → H2O2

(10)

O2∙- + O2⋅- + 2H+ → H2O2 + O2

(11)

H2O2 + e- → ⋅OH + OH-

(12)

H2O2 + O2⋅- → ⋅OH + OH- + O2

(13)

H2O2 + hυ → ⋅OH + ⋅OH

(14)

O2- + h+ → O-

There are still more pathways to create oxidizers and still more exotic catalytic agents that
can be produced. Oxygen does not even need to be chemisorbed to produce H2O2 as a two
electron reduction of disproportionation may be used with two O2⋅- capturing two bridging
hydroxyls37. Radical oxygen may produce singlet oxygen – 1O2: an excited state of oxygen
11

where the electrons have opposite spin in separate orbitals and a substance that can uniquely
break down water-soluble proteins – by combining with a trapped hole38. O3- can be
generated by a reaction between O- and adsorbed O239. The plethora of substances that exist
on photoactivated TiO2 that can participate in photocatalytic reactions is phenomenal.
Photoactivated TiO2 will break down all matter of aqueous pollutants
including alkanes, haloalkanes, aliphatic alcohols, carboxylic acids, alkenes, aromatics,
haloaromatics, polymers, surfactants, herbicides, pesticides, and dyes40. This feature
is already exploited in the manufacture of self-cleaning surfaces. Even in the shade
there is a flux of approximately 1015 UV photons per cm2 per second. Given enough
time, photoactivated TiO2 will break down contamination as long as the flux of UV
photons will continue to reach the surface. For example, a ~2 nm monolayer of
stearic acid contains approximately 1016-1017 molecules per square centimeter and so
will be completely removed in under an hour outdoors41.

Photoinduced Hydrophilicity on TiO2
In 1995 it was accidentally found that exposing TiO2 surfaces to ultraviolet light caused
the irradiated surface to become completely wetting to water26. In 1997, the discoverers
published a one page paper in Nature giving their formal15 experimental findings of this
unique photoinduced hydrophilicity and generated surprise in the field27. However, this
surprise was not just due to finding a novel feature of TiO2 after it had been intensely
studied for decades, it was also because the paper claimed that the mechanism responsible
for the wetting conversion was not due to photocatalytic effects but to an entirely new
mechanism that is referred to as photoinduced hydrophilicity (PIH). This initial proposal
had UV irradiation creating surface oxygen vacancies by directly driving surface oxygen from
12

the surface (Fig 1.4a). The oxygen vacancies are ideal for dissociatively adsorbing water
creating a surface populated by hydroxyl groups and turning the surface hydrophilic42.
To this day there are two competing explanations as to the cause of PIH. The first is an
extension of the original proposal that arose when various streams of evidence showed that
the mechanism initially proposed could not be supported43,44. Therefore, instead of oxygen
vacancy formation, it was proposed that some of the photo-generated holes directly attacked
the surface Ti-O bonds breaking them apart in coordination with H2O but without fully
expelling the bridging oxygen. This leads to the formation of new –OH groups on the
surface45,46 (Fig. 1.4b). Where the surface was once populated with doubly coordinated –OH
groups, there is now a higher density of singly coordinated –OH groups.
The second approach to explaining PIH is that the phenomenon is not a new
mechanism, but simply an extension of the well understood photocatalytic properties of
TiO2. This point of view has TiO2 – like many metal oxides – having a high surface energy,
and therefore being hydrophilic, if free of contamination43. The UV irradiation causes the
well-studied photocatalytic effect to take place breaking down all surface contamination on a
given TiO2 sample and thus exposing the hydrophilic surface44,47–50 (Fig. 1.4c).
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Figure 1.4 Various mechanisms used to explain PIH. (a) The initial proposal that UV irradiation directly
caused the expulsion of high energy oxygen – such as on the bridging oxygen present on rutile (110) surfaces –
followed by the incorporation of hydrophilic groups via water adsorption. (b) A second PIH mechanism
shows UV induced expulsion with bond breaking via holes left over from photocatalytic processes, in
coordination with water, leading to densification of the surface with hydroxyl groups. (c) Direct photocatalytic
breakdown of surface contamination leaving behind a hydrophilic surface.

A quick aside is in order here on the terminology that will be employed throughout
this manuscript. Photocatalytic and PIH will be described as separate mechanisms. The
experiments presented here do not definitively indicate which mechanism is operating. The
separate labeling is used to help clarify which aspect of TiO2 photoactivity is being
addressed.
Various lines of evidence have been used to support51,52,15,52,53,54 and refute50,55,40 the –OH
densification approach and support55,56 and refute26,43,57,54 the photocatalytic approach. Given
the strong evidence for both viewpoints, reconciliation has been attempted by proposing
combined mechanisms. One popular combined mechanism has photocatalytic breakdown
being responsible for initial changes in contact angles under UV irradiation – for example
reducing the contact angle from 35° to 20° – whereupon photoinduced charge carriers,
having nothing more to attack, induce the special PIH mechanism involving hole-induced
bond breaking or reduction of bridging oxygen due to excited electrons to take the contact
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angle down to 0°58,59. However, such mechanism combinations have not been enough to
settle the controversy60.
This lack of consensus begs for resolution. In Chapter 2, the wettability of reduced
TiO2 is examined. Examining such surfaces may offer a unique path to examining
photoinduced hydrophilicity that may contribute to resolving these controversies.

Reduced TiO2
Many different approaches have been attempted in order to produce TiO2-based
materials that become photoactive by radiation sources with lower energy than UV. Doping
TiO2 seemed the most straightforward path as doping in general can create states within the
bandgap so that electrons need less energy from the light source to be excited. Some of the
earliest successful doping attempts used cation doping wherein a metal cation with a valence
different from the native Ti4+ - such as chromium – replaced the Ti atom in the lattice and
succeeded in creating surfaces that became photoactive under visible light61. However,
visible-light-induced photoactivity did not necessarily create a useful surface. If a transition
metal dopant with a higher oxidation state than Ti4+ – such as Mo6+, Nb5+, or W6+ - is used
then the photocatalytic ability will increase but if a metal dopant with lower oxidation states
– such as Fe3+, Co2+, or Ni2+ - is used then the photocatalytic ability will decrease even under
UV irradiation62. Anionic doping has also been attempted whereby anions such as N, C, or S
replace the native lattice oxygen63,64,65. Of these, nitrogen doping has shown the most
promise towards creating a surface that can extend PIH into the visible range66,26,27,40.
The method of preparation seems to be vitally important to creating a doped TiO2
surface that will undergo PIH63,67,68. Although photoactive, some experimentalists have
found that such surfaces will not obtain complete wetting even after more than one hundred
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hours of visible light irradiation63,69 whereas other groups have seen such surfaces obtain a
state of complete wetting in only a few hours of visible light irradiation70. What is common
to all of these experiments is that they all show that the change in wetting observed is much
slower under visible light than the PIH under ultraviolet light.
The next popular approach to extending the range of response to energies lower
than UV for TiO2 surfaces involves inducing a long lasting, non-stoichiometric state in such
surfaces. For the purposes of this manuscript, “non-stoichiometric” or “reduced” TiO2
describes TiO2 that has been purposefully modified to change TiO2 to TiO2-x by increasing
the number of Ti interstitials or the amount of oxygen vacancies. This will be distinguished
from “stoichiometric” TiO2 which will refer to TiO2 upon which no purposeful attempts
have been made to change the ratio of titanium to oxygen in the lattice. This distinction is
necessary in the face of research most strongly promulgated by Nowotny et al.71,72 that has
convincingly shown that bulk TiO2 is inherently non-stoichiometric under even the most
ideal of conditions. However, purposefully non-stoichiometric TiO2 has characteristics
distinct enough from naturally non-stoichiometric TiO2 to merit this disambiguation.
During the reduction of TiO2, oxygen vacancies, Ti interstitials, Ti3+ defects, holes,
and electrons can be present. Early experiments73 showed that reducing TiO2 often involves
the creation of oxygen vacancies that will be able to hold zero, one, or two electrons creating
Ti 3d bandgap states 0.75-1.18 eV below the conduction band energy. The range of
potential bandgap energies due to oxygen vacancies has been subsequently expanded to
include electron trapping sites 0.4, 0.5, 0.64, and 0.86 eV below the conduction band for
both rutile and anatase polymorphs74. Later investigation sought to establish if reduced TiO2
would be photoactive under visible light75. These early investigations were initially stymied

16

due to problems of reproducibility stemming from the particular reduction method used.
Namely, such methods would create surface Ti3+ centers. These centers would quickly reoxidize when exposed to O2 and were even vulnerable to oxidation from dissolved oxygen in
water76,77.
Research into using reduced TiO2 as a photoactive surface revived when studies of
deeply reduced TiO2 indicated that, in addition to the Ti3+ centers created by oxygen
vacancies73, interstitial Ti atoms may also be responsible for many of the additional
properties obtained when TiO2 is reduced. Most importantly for the purposes of this
manuscript, they found that bandgap states created by interstitial Ti with an energy 0.85 eV
below the conduction band remain in reduced TiO2 even when all of the surface oxygen
vacancies have been healed78. In addition, these states are active in surface chemistry. In
particular, subsurface Ti interstitials offer different mechanisms apart from oxygen vacancies
to cause molecular oxygen to dissociate, which, as previously mentioned (eqns. 11-16), are
integral to the creation of many photocatalytic agents.
Of the many methods to induce reduction79,80,81, thermal reduction82 in oxygen poor
conditions seems to be the most conducive to creating subsurface defects that are reoxidation resistant83,74. It was found that reducing rutile TiO2 (110) surfaces under such
conditions can result in a large amount of stable bulk defects mostly in the form of Ti
interstitials which can provide 90% of the excess charge84. In addition, removing the lattice
oxygen will result in a redistribution of excess electrons among the nearest titanium atoms to
form an additional shallow donor state of Ti 3d orbitals below the conduction band85.
Because thermal vacuum reduction of rutile TiO2 has the ability to produce photoactive nonstoichiometric TiO2 with subsurface Ti interstitial and oxygen vacancies that can remain
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stable even under ambient conditions, this reduction method was employed to produce the
experimental surfaces utilized in Chapter 2.
Finally, when reduced, TiO2 can undergo a variety of color changes. These color
changes can range from yellow, to grey, to the aforementioned black. By far the most
common observed color change, observed in many of the earliest reduction studies73,86, is to
an ever deepening blue where the deepening indicates a greater density of defects87,88 (Fig.
1.5). These defects are typically Ti3+ ions which capture longer wavelength photons via d-d
transitions created by the defect88. These defects can exist stably in the bulk by creating local
Magneli phases of double oxides equivalent to Ti6O11 and Ti7O13. Later studies created
visual guides to allow experimenters to determine the degree of reduction from the color of
their samples25,89. It is on the basis of these studies that the extent of reduction for the
experiments in Chapter 2 are determined.

Figure 1.5 Comparing the blue hues allows for estimation of the degree of reduction in the bulk. The
deepening blue color indicates greater reduction (Li et al.89 © 2000 American Chemical Society).

Pickering Emulsions
Small, nanometer-sized solid-particles are an alternative to using surfactants to form
emulsions. Solid-stabilized emulsions are commonly called “Pickering” emulsions after the
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scientist who noted that the wetting properties of solid particles are important in
determining whether such particles will act as emulsifiers in the formation of oil-in-water
(o/w) emulsions90. Pickering emulsions form when solid particles embed at the interface
between immiscible fluids (1.6).

Figure 1.6 An example of a water-in-oil Pickering emulsion. TiO2 is used as the stabilizing particle. Inset
shows the contact angle between the water-oil-particle system at the interface.

The type of emulsion that will form is strongly dependent on the wetting characteristics
of the solid particle. If a particle has a contact angle less than 90° at the oil-water interface,
an o/w emulsion is most likely to form. If the particle has a contact angle greater than 90o at
the interface, a w/o emulsion is most likely to form. Finally, if the contact angle is exactly
90°, the type of emulsion will now be subject to other experimental parameters such as water
fraction or the initial phase in which the particles are mixed (see below), but an emulsion will
most likely form and it will also likely be the most stable emulsion that can be formed under
a given set of immiscible liquids and particle type91,92.
The stability of Pickering emulsions can be quantified by calculating the free energy
required to remove a particle from a flat interface between two immiscible fluids93:
(15)

G  π γ ow r 2 1 cos θ 2 ,
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where γow is the interfacial tension between the oil and water, r is the radius of the particle,
and the contact angle the water makes next to the particle is θ. This contact angle will
determine where on the particle the interface will contact and therefore the actual area of the
interface that is modified by the presence of that particle. The +/- sign indicates the
direction of the removal, either into the oil phase (+) or water phase (-). Further refinement
of eqn. (15) is possible and requires factoring in the curvature of the emulsion drops,
entropy, line tension, and lateral interactions between adsorbed particles94,95, but eqn. 15
provides the necessary physical insight to understand the Pickering emulsions explored in
this manuscript. In particular the role of the contact angle of the stabilizing particle is
investigated in Chapter 3. The further the contact angle is from 90°, the lower the energy
cost to remove the particle from the interface and the lower the stability of the Pickering
emulsion. It also indicates that if the contact angle is lower than ~20° or higher than ~160°
than the energy necessary to remove the particle from the interface is only ~10 kT and
susceptible to removal by thermal energy and therefore unstable. This is a property
confirmed in early Pickering emulsion studies96.

Factors Effecting Pickering Emulsion Formation
A feature unique to Pickering emulsions is that the phase in which the solid particles are
initially dispersed will be a determining factor in the type of emulsion that will result.
Despite the inherent wettability of a given particle, if it is initially dispersed in a phase
opposite its preference, this phase is more likely to become the continuous phase unless
other factors – such as the water fraction (see below) – are adjusted as well97. Interestingly,
this effect may be tied to contact angle hysteresis. When a particle enters the interface from
the water phase, the contact angle it presents to the interface will be the receding contact
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angle whereas if it enters from the oil phase it will present the advancing contact angle. The
usual hysteresis mechanism dictates that the receding contact angle is always less than the
advancing contact angle. Thus, the quiescent value of θ that has been implicitly referenced
thus far is insufficient to explain the effects of how the dynamic entry of the particle to the
interface will affect the final properties of the emulsion98. However, if one desires a small
and more stable emulsion droplet size, then dispersing the particles in their preferred phase
is a better approach as dispersion in the non-preferred phase will result in bigger emulsion
drops overall.
Forcing a Pickering emulsion to form opposite to what is expected – w/o instead of
o/w or the opposite - is also possible by altering the water-to-oil ratio. Solid particle
emulsions are able to undergo catastrophic inversion by changing the water fraction –
denoted φ w 96. For example, if the initial system has a φ w equal to 0.5 – representing a
system composed of 50% water and 50% oil – and contained hydrophilic particles, then –
after homogenization – an o/w emulsion will form. However, if the water fraction is
decreased as necessary to account for the degree of hydrophilicity, that same
homogenization process will yield a w/o emulsion. Furthermore, such an emulsion can be
very stable, with some observed to remain stable for over three years99.

In Situ Pickering Emulsion Destabilization
The ability of Pickering emulsions to become destabilized in situ is addressed in Chapter
3. This destabilization is caused by modifying the wetting properties of the particles in an
emulsion. Many other approaches have been taken to achieve such destabilization. Changes
in pH9 and temperature100 have been attempted, but these require modification of the entire
system under investigation. The application of intense electric fields has also been
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attempted101, but these can be detrimental in biological systems. Finally, magnetic fields have
been utilized102, but this approach is inherently limited to the use of specialized, magnetically
responsive particles.
Light destabilization offers a way to destabilize emulsions without necessarily affecting
the continuous and dispersed phases. If the solid particles are photoactive, the emulsion
stability can be controlled by the specific wavelength of light. Since light absorption and
penetration are strongly dependent on wavelength, optimizing the wavelength of light allows
spatial control of the destabilization. For example, UV and 980 nm NIR light both are
rapidly adsorbed by water, whereas 808 nm NIR radiation will penetrate water to a greater
depth. Therefore, emulsions created to destabilize under irradiation from an 808 nm source
are potentially interesting in biological applications. Substances that respond to NIR
irradiation are the subject of Chapter 4.
Experiments have already been performed with substances that change their wetting
properties under light irradiation to modify the type of emulsion – w/o or o/w - formed
under homogenization103. Chapter 3 explores the application of TiO2 acting as the solid
stabilizer. Indeed, TiO2 104,105 has been used as the solid particle in Pickering emulsions
before. But these mostly sought to create a stable emulsion wherein the TiO2 will efficiently
act as a photocatalytic center for decontamination purposes. However, Chapter 3 explores
the conditions under which TiO2 nanoparticles can cause an emulsion to become
destabilized under UV light thereby extending the ways in which Pickering emulsions can
become destabilized in situ.
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Upconversion Nanoparticles
The Upconversion Process
“Anti-Stokes emission” describes the ability of a material to absorb two or more
photons of a given energy, add the energies, and emit one higher energy photon.
Upconverting materials fall under this general class. In the far more common “Stokes
emission”, materials emit photons with lower energy than the absorbed photons because
energy has been lost via mechanisms such as non-radiative energy transitions. Before
upconverting materials were developed, anti-Stokes processes were limited to simultaneous
two-photon absorption (TPA), second harmonic generation (SHG), and generally resulted in
the emission of photons with energies only a few kT above the excitation state such as the
anti-Stokes sidebands of the Raman effect106,107. Upconversion materials produce anti-Stokes
emissions utilizing two different processes. These are the excited-state absorption (ESA)
process108 and the addition de photon par transferts d`energie (APTE) process – as named
by the original discoverer of the overall effect109 – more commonly known as the energytransfer upconversion (ETU) process. More recently, another upconversion phenomenon
has been reported called energy-migration-mediated upconversion (EMU)106 that will not be
addressed here.
Both ESA and ETU are based on the sequential absorption of two or more photons.
The first photon causes the affected ion to jump to a metastable, long lived excited energy
state. When one such state becomes sufficiently populated, the next photon has the ability
to bump the excitation to a still higher metastable energy state. It is from these highly
excited states that upconversion emission occurs when a photon with an energy higher than
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the incoming photons is emitted as the emitting ion – known as the “activator” - drops to a
state lower than the intermediate metastable excitation state.
The ESA process has the activators absorb at least two photons of suitable energy to
reach the highly excited state. The ETU process has one photon being absorbed by a given
activator and has that same ion reaching the highly excited state by an energy donation
supplied by a neighboring ion. As photons of the same energy are inducing upconversion, it
is necessary that elements capable of upconversion have a ladder-like arrangement of energy
levels with similar spacing. Additionally, in order to reach a sufficient population of the
metastable states to make the transition to the highly excited state efficient, these elements
must have excited states with relatively long lifetimes.
Certain ions that have d and f shells have these qualities. In particular, doping by
transition metals with 3d, 4d, and 5d characteristics in a suitable lattice including Ti2+110,
Ni2+111, Mo3+, Re4+ 112, and Os4+ 113 makes upconverting materials. However, interest has
since shifted to lanthanide dopants. Chemicals in the lanthanide family have an intraconfigurational 4fn electron transition that – when properly spaced within the host lattice offers higher upconversion efficiency, greater photostability, a higher anti-Stokes shift, and a
sharper emission spectrum than other luminescent materials114.
Of the lanthanides, codoping NaYF4 with Yb3+ and Er3+ - denoted as NaYF4:Yb,Er offers the highest upconversion efficiency, though there is evidence that Gd3+ and properly
structured (See below) Nd3+ dopants may eventually be competitive. NaYF4:Yb,Er has been
shown to be the most efficient since its initial synthesis in the 1970s. Lanthanide doped
upconversion materials have been around long enough and have displayed such excellent
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stability and efficiency that they are now incorporated into everyday materials such as lasers,
solar cells, waveguides, and display devices115.
The general structure of upconversion phosphors consists of a crystalline host
structure and a dopant or dopants – usually lanthanides due to their aforementioned
characteristics – that act as the activator or sensitizer. The sensitizer is a strongly absorbing
ion which acts to ensure efficient energy transfer to the emitter under ETU. The activator is
usually introduced at low concentrations whereas the sensitizer can make up a significant
percentage of the final crystal. The host lattice crystal structure provides a matrix in which
the luminescent dopant can be optimally positioned to produce the greatest efficiency116.
The ion-to-ion distance and spatial arrangement are especially important in determining
upconversion efficiency for sensitized luminescence115. Many lanthanide doped materials
will upconvert, but tuning the host lattice, doping ions, and doping concentration is vital to
producing highly efficient upconversion.
Doping concentration plays an important role in aspects other than increasing
efficiency. Doping levels in the core structure is a dominant factor in determining the
wavelengths that will ultimately be emitted by the upconversion process117. Doping
concentration, along with the crystal structure of the host material, is also a key factor in
how the dopant ions are spaced and the number of nearest neighbors of a given type. This
is especially important for ETU processes, which rely on non-radiative energy transfer from
a neighbor to proceed. These are the dominant mechanisms in the lanthanide-doped NaYF4
upconversion materials used here in Chapter 4.
Ytterbium doping is used here as it acts here as a “sensitizer” – the ion that initially
absorbs the energy from the irradiation source. Light with a 980 nm wavelength will excite
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Yb3+ from its 2F7/2 ground state to its excited 2F5/2 state which matches the transition energy
for both Er3+ and Tm3+, allowing for efficient quasi-resonant energy transfer between Yb3+
and the other two ions. Sensitizers generally make up a large percentage of upconversion
crystals when they are included and Yb3+ is no exception. Yb3+ typically composes 18-20%
of the NaYF4 crystal for visible light production and, as is relevant to this manuscript, can be
present up to levels at or above 30% for UV production when co-doped with Er3+. UV
production will always be produced in lower amounts than visible light using current
methods. Yb3+ codoping also drastically increases the saturation point such that it takes 100
W
cm

2

for NaYF4:Yb,Er to become saturated118.

NaYF4 comes in two common phases: the α-cubic phase and the β-hexagonal phase.
It has been shown that upconversion efficiency of the hexagonal phase can be ten times as
efficient as the cubic form116. This efficiency increase comes as the hexagonal form locates
the doping ions optimally for the interactions necessary for efficient ETU119.

Upconverting Nanoparticles
Until 2004, upconversion nanoparticles (UCNP) were never seriously pursued
because their efficiency was so poor as to make them useless. However, once the factors
that went into efficient upconversion were better understood, groups began producing
UCNP that were efficient and stable120.
The efficiency differences between bulk and nanoparticle upconversion materials are
huge. Depending on the laser power, constitution, and nanoparticle size – bulk materials
can perform 100 to 150,000 times better121–123. This is mainly due to the large surface-tobulk ratios of UCNP which – especially if the percentage of the sensitizer is high – allows
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rapid energy transfer from the center of the particle to the surface through adjacent dopant
sites thereby drastically shortening the lifetime of intermediate metastable excitations.
UCNP research still continued despite this comparatively low efficiency because UCNP
were found to be a non-blinking and photo-stable light source in vivo115.
One way to increase the efficiency is to coat the UCNP such that quick transfer of
energy to the outer surface is prevented. Such “core-shell” structures gave particles with
quantum yields as high as 4%124. This is still much smaller than bulk upconversion materials,
but high enough to see a sharp increase in UCNP usage in biological imaging. Biological
imaging is currently the heaviest user of UCNP because most upconversion materials are
naturally not cytotoxic and because they are excited with NIR light which causes low
background autofluorescence unlike commonly used organic dyes or quantum dots which
need to be excited by UV or visible light125,126. In fact, core-shell UCNP have been shown to
produce a 25 fold increase of detectable fluorescence over gold, currently the most common
biomarker127.
Efficient core-shell UCNPs require that the shell prevents or impedes energy transfer
to the surface and, at the interface between the core and shell, has fewer quenching sites
than the bare UCNP would have. The easiest way to do this is to make the shell out of
undoped host crystalline material as the core and shell will have a low density of quenching
sites because the lattice mismatch is small. One such core-shell structure resulted in an
efficiency enhancement of thirty times when an undoped 1.5 nm β-NaYF4 shell was put
around a doped 25 nm β-NaYF4 UCNP128.
Shells also provided a way to solve the dispersibility problem of UCNP. UCNP are
extremely hydrophobic with contact angles near 180o degrees and therefore cannot be
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dispersed in polar media129. This superhydrophobicity will become an issue in Chapter 4.
However, coating a core-shell UCNP with an amphiphilic polymer or simply making the
shell out of a hydrophilic material such as SiO2 can make UCNP dispersible in water114,130.
This thesis focuses on the wetting properties of TiO2. Stoichiometric TiO2 limits the
photo-responsiveness of TiO2-based surfaces to UV wavelengths which constitute only 35% of the solar spectrum. The reduced surfaces explored in Chapter 2 potentially offer
away to extend this responsiveness to ~50% by visible light utilization. By utilizing UCNP,
TiO2-based surfaces can become responsive to NIR allowing such surfaces to become active
under the remaining part of the solar spectrum131. Combined TiO2-UCNP surfaces are the
subject of Chapter 4.
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Wetting of Reduced TiO2 Surfaces: Response to Visible and
Ultraviolet Irradiation
Introduction
The photoinduced hydrophilicity (PIH) on reduced TiO2 was examined with the goal
of determining if the PIH could be extended to visible light wavelengths. One of the
limitations of TiO2 is that, in its stoichiometric state, it will only become photoactive under
UV irradiation. Many approaches have been explored to extend its range of response such
as modifying its structure by anionic doping66, cationic doping61,62, hydrogenation132, and
reduction75. To reiterate, “reduction” refers to changing the stoichiometric 1:2 ratio of
titanium to oxygen in the lattice. “Non-stoichiometric” and TiO2-x – where the ‘x’ is less
than one – are also ways to describe a reduced TiO2 surface and the three terms will be used
interchangeably throughout this chapter. Previous experiments have shown that inducing
non-stoichiometry will indeed enable photocatalytic activity to occur under visible light
irradiation75. However, there is a lack of studies that show photoinduced hydrophilicity on
reduced surfaces under visible light irradiation.
Eight single crystal rutile TiO2 (110) surfaces were purchased and reduced by varying
amounts using thermal heating under vacuum. Rutile (110) surfaces were chosen because
such surfaces are the lowest energy and most stable form of crystalline TiO2. This structure
possesses bridging oxygens on the surface that are thought to be important to the
mechanism underlying quickly attainable photoinduced hydrophilicity by low intensity
irradiation. It has previously, and frequently, been observed to rapidly attain hydrophilicity;
and will develop a high bulk-to-surface ratio of defects when thermally reduced under
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vacuum. Bulk defects are important here because, unlike surface defects which tend to
reoxidize, they remain non-stoichiometric under ambient conditions.
The experiments show that the wetting properties of reduced TiO2 can be modified
using UV and visible light. Varying the surface treatment after reduction, allowed for the
determination of the influences of surface roughness and structuring. A number of
conditions have been observed under which the rate of wetting conversion could be
modified by increasing the degree of non-stoichiometry. In the discussion below, it will also
be shown how our findings may help elucidate some aspects of the debate concerning the
difference – if any – between the photocatalytic and PIH properties of TiO2

Experimental Methods
Five double-sided polished and three single-sided polished single crystal rutile (110)
TiO2 surfaces (TOe101005S2 and TOe101010S1 respectively) were purchased from the MTI
Corporation (Richmond, CA, USA). The double-sided polished and single-sided polished
surfaces had dimensions of 10 mm x 10 mm x 0.5 mm and 10 mm x 10 mm x 1.0 mm
respectively. From the batch of three single-sided surfaces, two were reduced. Because the
reduction process changes the surface roughness, all three were polished following reduction
in order to ensure that the surface roughness of each was similar to the others. From the
batch of five double-sided surfaces, four were reduced and were not modified after being
removed from the vacuum oven. The remaining stoichiometric surface was also not
modified. The batch of five surfaces will be referred to as “U” – for “unpolished” – and the
batch of three surfaces will be referred to as “P” – for “polished” – to delineate the
observations made throughout this chapter.
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For reduction, the surfaces were placed in a vacuum oven at a pressure of 90 mTorr
at temperatures between 700oC and 1000oC, with higher temperatures giving more reduction.
Four of the “U” surfaces were reduced at temperatures of 700oC, 800oC, 900oC, and 1000oC,
respectively. Two of the “P” surfaces were reduced in a vacuum at temperatures of 700oC
and 1000oC, respectively. The heating process involved raising the temperature at a rate of
200oC/hour, maintaining the target temperature for a dwell time of 10 minutes, and cooling
to room temperature at a rate of 200oC/hour.
No additional polishing beyond the manufacturer’s polishing was performed on the
“U” samples. However, the three “P” surfaces were polished after two of the “P” surfaces
had undergone reduction. The surfaces underwent five minutes of polishing on a Struers
Tegramin-20 preparation system (Struers Inc., Cleveland, OH, USA). Samples were
mounted on a sample holder with Crystal-Bond 509 Amber (Aremco Products, Valley
Cottage, NY, USA) and polished for three minutes at 150 rpm using Struers OP-U 0.04 μm
colloidal silica suspension (Catalog # 40700003). Samples were removed from the sample
holders by heating to 140oC to melt the Crystal Bond. The surfaces were then sonicated for
thirty minutes each in acetone and ethanol and then sonicated two times for thirty minutes
in Milli-Q water (17.8 MW, EMD Millipore, Billerica, MA, USA).
X-ray diffraction (XRD) scans were performed with a PANalytical X’Pert Powder Xray diffractometer with an Empyrean Cu LFF X-ray tube (PANalytical, Eindhoven,
Netherlands) using a Cu Kα X-ray (8020.7 eV) at 45 kV and a current of 40 mA with a
PIXcel-3D detector used over a 2θ range of 0o to 150o. XRD spectra were processed with
commercially available software (PANalytical Data Collector) and diffraction spectra were
matched using MDI Jade+ software.
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For the “U” surfaces, X-ray photoelectron spectroscopy (XPS) scans were
performed at an angle of 54.7o using a Perkin-Elmer (Waltham, MA, USA) PHI 5400 SPS
system (Pbase < 5 x 10-9 Torr) and analyzed using Mg Kα X-rays (1253.6 eV). Ejected
photoelectrons were measured with a precision high-energy electron analyzer operating at
constant pass-energy. Elemental quantification was performed using a pass-energy of 89 eV
with a scan rate of 0.25 eV/step. For the “P” surfaces, XPS scans were performed on a
Perkin-Elmer PHI 5600 SPS system with the same settings as on the 5400 model except for
a pass-energy of 5.85 eV and a finer scan rate of 0.050 eV/step. XP spectra were processed
with commercially available software (CASAXPS) and atomic concentrations were quantified
by integration of the relevant photoelectron peaks
UV-Vis absorption spectrophotometry was performed with a Varian Cary 50 3.0
(Agilent Technologies, Santa Clara, CA, USA) in dual beam mode with baseline correction.
Scanning range was 200-1100 nm with a scan rate of 4800 nm/min with a data interval of
1.00 nm with an average time of 0.0125 seconds.
Atomic Force Microscopy (AFM) was performed using a Bruker Dimension 3100
AFM (Bruker Corporation, Santa Barbara, CA, USA). Contact mode AFM (scan rate: 1.99
Hz) was used to obtain 10 μm x 10 μm images taken at different locations on the substrate.
From each 10 μm x 10 μm image, RMS values were obtained from three 2 μm x 2 μm
portions within the 100 μm2 image using the NanoScope 7.30 software. The RMS values
reported are an average of three measurements.
Contact angle values are quantified by placing a water drop on the surface and
analyzing the images with Dropsnake133 contact angle processing software. The contact
angle measurement is the average and standard deviation from three separate drops. When
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the contact angle (θ) falls below 12o, it becomes difficult to measure the angle and is
therefore classified as completely wetting the surface.
For the “U” surfaces, contact angles were measured by depositing a 0.5 μL drop of
Milli-Q water onto each surface. After a drop was placed, it was allowed to settle for 30
seconds and an image was then captured with a Supereyes B008 5.0 MP USB Digital
Microscope. The contact angle can be considered “static” since the angle was measured 30
seconds after the drop was placed on the surface134. The surface was then dried for 10
seconds with a Metro Vacuum ED500 DataVac. Another drop was then put down.
For the “P” samples, advancing contact angles of sessile drops were measured by
expanding 1 μm drops of Milli-Q water (17.8 MΩ, EMD Millipore, Billerica, MA, USA) at a
rate of 2 μL/min at three, non-overlapping locations on the surface. As the drop was
expanding, video of the drop was captured with a Celestron 5.0 MP USB Digital Microscope
Pro. An image was captured of the drop after expansion began. The contact angle
measurement presented here is the average from three separate drops. The surface was
dried for 10 seconds with a Metro Vacuum ED500 DataVac between measurements.
Two light sources were used to irradiate the surfaces. The UV source was a
Thorlabs Mounted High Powered UV LED (Newton, NJ, USA, M365L2) with a power and
current output of 360 mW and 700 mA respectively. The manufacturer characterizes the
output as 365 nm +/- 7.5 nm. The visible light source was a Thorlabs Mounted High
Powered Cold White LED (MCWHL2) with a power and current output of 600 mW and
1200 mA respectively with three peaks, in order from most to least intense, at 455 nm, 530
nm, and 570 nm and a correlated color temperature of 6500 K. This LED does not bleed
into the UV range – cutting off at 420 nm – or past 670 nm into the infrared range where
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TiO2 has been shown to respond by increasing its hydrophobicity via IR heating135.
However, a Zeikos ZE-UV58 58 mm Multi-Coated UV filter was placed between the light
source and the samples to further protect from the possibility of UV exposure during the
visible light tests. The distance between the top of the sample being irradiated and the LED
was 1.5 cm for all experiments.
Two different UV wetting tests were performed: a cyclical UV test and a timed UV
test. For the cyclical UV test, the surfaces were exposed to UV light long enough so that a
deposited water drop would completely wet the surface. They were then reverted to their
original hydrophobicity by either heating in an oven or IR heating. This was followed by
water contact angle measurement and the cycle repeated. Specifically, the surfaces were
exposed to UV irradiation for 5 minutes. After sitting for 5 min, a 0.5 μL – 1 μL water drop
was deposited onto the surfaces. The droplet immediately wet the surfaces, with θ < 12°.
Such contact angles are labelled as “completely” wetting. The reconversion to hydrophobic
surfaces was different for the “U” and “P” surfaces. For the “U” surfaces, the surfaces were
placed in a 120oC oven for 60 minutes, and thereafter the surfaces displayed their original
contact angle (θ ~ 70°). After the contact angle measurement, the samples were blown dry,
allowed to sit for 5 minutes, and the UV irradiation process was continued. For the “P”
surfaces, reversion of the surface to its initial hydrophobic state was done with a halogen
bulb placed 7 cm away from the surface being heated. A Thorlabs 450 nm Longpass filter
(FEL0450) was placed between the bulb and the specimen. The surfaces reliably returned to
their initial contact angle of ~65o under this IR heating within 90 minutes even after UVinduced complete wetting. To ensure that “P” surfaces returned to their initial contact
angles, surfaces underwent 120 minutes of IR heating before each test. Surface temperatures
reached 80oC under these conditions.
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For the timed UV tests, both the “U” and “P” surfaces were exposed to UV
irradiation for 15 second intervals and the contact angle measured as a function of
irradiation time. The timed UV irradiation process proceeded by irradiating a given surface
in air for 15 seconds then waiting two minutes before the first of the three water drops was
deposited. Each of the three drops were deposited at different locations on the surface.
After the third drop was deposited, the surface was blown dry, and after 5 minutes, was
exposed to another 15 second dose of UV irradiation. This proceeded until the surface
being tested reached a state of complete wetting.
The visible light irradiation process for both the “U” and “P” surfaces were similar
except for the heating source used to cause the reversion of a given surface to its original
hydrophobicity. Once again, two different types of tests were performed: a cyclical visible
light irradiation test and a timed visible light irradiation test. For the cyclical visible light
experiments, the surfaces were exposed to a continuous 90 minute dose of visible light and
then allowed to sit for 5 minutes despite negligible heating during this exposure. After the
three drops had been deposited and blown dry, the surfaces were returned to their initial
state using oven heating for the “U” surfaces or IR heating for the “P” surfaces to complete
one cycle.
For the timed visible light irradiation tests, once again the tests began by measuring
the contact angle of a given surface at its initial hydrophobicity. After drying the surface
with air following the imaging of the third drop, the surface was allowed to sit for 2 minutes
before being irradiated by a 15-minute dose of visible light. After 5 minute cool-down,
another set of contact angles measured, and the surface dried with air again. This cycle
continued until the total irradiation time reached 90 minutes.
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Results
All six reduced TiO2 surfaces developed a blue color that deepened with increasing
temperatures in line with previous experimental findings87. Comparison of the coloration of
TiO2-x upon heating is often used to determine the amount of reduction25,89. Comparison of
the color (Figs. 2.1a and 2.1b) and absorption spectrum (Figs. 2.6) of the reduced “U” and
“P” samples to published results, indicates the amount of reduction for these TiO2-x surfaces
is ‘x’ less than 0.001687,136,137.

Figure 2.1 Coloration of reduced surfaces. (a) Top. The five “U” surfaces. From upper right going in a
clockwise direction: unmodified TiO2, followed by the reduced surfaces that reached temperatures of 700oC,
800oC, 900oC, and 1000oC respectively. (b) Bottom. The three “P” surfaces. From left to right: unmodified
TiO2, surface reduced at a temperature of 700oC, and surface reduced at a temperature of 1000oC.

XRD studies of unmodified surfaces and surfaces reduced at a 1000oC (Fig. 2.2)
from the “U” and “P” samples showed the expected rutile peaks with no detectable peak
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shifts for the main peak (27.4o) and only slight shifts (<0.2o) for the reduced surfaces on the
remaining peaks. This validates the aforementioned upper limit on ‘x’ as higher values of
reduction would require a phase change. There was also an absence of peak broadening.
However, for the “U” surface reduced at 1000oC, one of the peak heights did change. The
27.4o peak was higher for the unmodified “U” surface than for the reduced “U” surface and
the remaining peaks were higher for the “U” reduced surface than for the unmodified “U”
surface. This is most likely due to an imperfect alignment of the crystal samples within the
XRD itself and/or a slight strain on the reduced surfaces from the reduction process. This
behavior was not seen in the “P” reduced sample making the imperfect alignment
explanation more probable. From this data, it can be assumed that all of the surfaces in this
experiment are rutile and no surface underwent a phase change due to the reduction process.
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Figure 2.2 XRD of the crystal structure of unmodified TiO2 and TiO2 reduced at a temperature of 1000oC for
the (top) “P” and (bottom) “U” surfaces. The peaks overlay each other indicating that the reduction did not
modify the crystal structure.

From the “U” surfaces, XPS spectra were collected from two unmodified TiO2
surfaces and two TiO2-x reduced surfaces (800oC and 1000oC). For each surface, scans were
performed; the surface was removed from the vacuum chamber and irradiated with UV; the
surface was placed back into the XPS vacuum chamber and rescanned. The scans show a
reduction in the carbon contamination peaks and an increase in the oxygen peaks after UV
irradiation. Figure 2.3 shows these changes for a “U” surface reduced at 1000oC. Similar
results are seen for the other surfaces tested. The pre- to post- percentage change in the
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C/Ti ratio – based on the C 1s and Ti 2p3 peaks – was approximately -34% and the change
in the O/Ti ratio – based on O 1s and Ti 2p3 peaks – was approximately +10%. Since the
ratio between surface oxygen and titanium was 2.6:1 or higher instead of the expected near
2:1 before and even after long UV exposure, atmospheric contaminants likely have adsorbed
on the TiO2 and TiO2-x surfaces.

Figure 2.3 XPS results for a “U” surface reduced at a temperature of 1000oC pre- and post-UV irradiation.
The increase in the total oxygen peak (top) and reduction in the carbon peaks (bottom – typical carbon
contamination peaks labelled) and post-UV irradiation are evident. Each spectrum was referenced to carbon
graphite at 284.5 eV.
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From the “P” surfaces, XPS spectra were collected from all three surfaces. For each,
the UV irradiation exposure procedure that was performed on the “U” surfaces during XPS
was repeated. After UV irradiation, the carbon peaks reduced and the oxygen peak
increased as for the “U” samples. The “P” surfaces were subject to an XPS scan with
increased precision that allowed for the fine examination of the Ti peaks for evidence of
reduction on or very near the surface (Fig. 2.4). The Ti 2p3/2 peak (459.3 eV) has long been
known to broaden as reduction increases due to the formation of oxygen vacancies and Ti
interstitial migration on or very near the surface138. Previous experiments observe this
broadening as a characteristic “shoulder” (Fig. 2.5) on the Ti 2p3/2 peak due to the presence
of non-stoichiometric species – such as Ti3+ (-1.4 eV), Ti2+ (-3.1 eV), or Ti0 (-4.1 eV)139 where
the minus signs indicate where XPS peaks for these species will manifest with respect to the
Ti 2p3/2 peak – which can be stable on the surface under ultra-high vacuum. However, these
defects are very susceptible to oxidation77,140. The experimental surfaces tested here are
continuously exposed to ambient conditions throughout the experimental process and,
therefore, exposed to sufficient oxygen and water to cause oxidation. Thus, it was not
expected that evidence would be found for such species on the surface. Indeed, even a close
examination of the region (Fig. 2.4 inset) that would be affected showed only a minute
broadening that is most likely an artifact from the disparate peak sizes of the three tests.
Therefore, XPS analysis is useful for detecting changes in surface contamination but not
useful for classifying non-stoichiometry. Any departure from stoichiometry of the surfaces
under investigation here has most likely been healed by exposure to the lab environment.
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Figure 2.4 XPS results of the Ti peaks for the three “P” surfaces following UV exposure. The inset shows the
Ti 2p3/2 peak may have a very slight shift with increasing reduction temperature that may indicate defects at or
near the surface. However, given the minuteness of this shift and the well-known oxidation properties of Ti3+,
Ti2+, and Ti0 that would be primarily responsible for any broadening it is more likely that the surfaces are
stoichiometric. Each spectrum was referenced to carbon graphite at 284.5 eV.

Figure 2.5 When the surface of TiO2 is reduced, surface sensitive techniques such as XPS can detect the
reduction as a broadening of the Ti 2p3/2 peak (459.3 eV) due to the presence of Ti 3+ (-1.4 eV), Ti2+ (-3.1 eV),
or Ti0 (-4.1 eV). Shown here is how such a broadening appears as an easily detectable “shoulder” to the Ti
2p3/2 even when only Ti3+ is present. This figure shows the XPS spectra of TiO 2 alloys under UHV and
annealed (a) 373 K (b) 523 K and (c) 573 K (Guillemot et al.138 © 2002 Elsevier Science (USA)). Increasing
temperature increases reduction by the creation of surface and bulk defects. Because the samples are in UHV,
XPS can detect such surface defects as an increase in the shoulder size of the Ti 2p 3/2 peak. This shoulder will
disappear under ambient conditions due to oxidation even with heavily reduced samples such as hydrogenated
TiO2. Failure to detect this shoulder in reduced samples indicates that the non-stoichiometric defects on the
surface may have been healed.
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UV-Vis spectrophotometry was performed. As shown in Fig. 2.6 for the “U”
surfaces, the absorbance abruptly decreases at wavelengths greater than ~400 nm as energy
becomes insufficient to bridge the bandgap. For TiO2, there is no increase in absorbance
with increasing wavelength above. However, as the amount of reduction increases, the
absorbance in the visible wavelength range increases. The amount of absorbance increased
with increasing amounts of reduction matching the effect seen in other experiments on
reduced TiO240,68,89. The data set shown has been smoothed by a moving average of twenty
points.

Figure 2.6 UV-Vis spectrophotometer results on all of the “U” surfaces. All surfaces show the expected
absorption up to ~400 nm. However, the TiO 2-x surfaces also absorb wavelengths in the visible range while
TiO2 transmits these higher wavelengths. Increasing the level of reduction appears to increase the strength of
visible light absorption. The ability of TiO2-x to absorb visible light has been repeatedly observed and can be
used as way to determine the depth of reduction by comparison.

For the “U” surfaces, RMS roughness values obtained from AFM measurements of
the surfaces increased with increasing processing temperature (Table 2.1) as has been
previously observed141. Previous studies have also correlated an additional roughening of
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stoichiometric TiO2 surfaces after receiving a UV dose sufficient to induce complete wetting
15,142

. In order to investigate this possibility, roughness was measured for all surfaces after 30

seconds of exposure to UV irradiation. Only the “U” surface that had been reduced at
800oC showed a roughness change under this dosage (Table 2.1). As will be shown below,
this surface and the surface reduced at 900oC appear to undergo increases in wetting at a
faster rate than the other surfaces. For the 800oC surface, this roughening may be
contributing to this quicker conversion. As also seen below, the reduced surfaces have been
shown to respond to visible light within 60 minutes (Figs. 2.10 and 2.11). Therefore,
roughness of the surfaces were examined before and after 60 minute doses of visible
irradiation, but no change in roughness of the samples was observed.
The AFM images also show that increasing reduction also appears to result in surface
restructuring (Fig. 2.7). The restructuring of TiO2 surfaces due to reduction during both
vacuum heating143–147 and re-oxidation148–150 have previously been observed to result in the
formation of distinctive surface structures that can be composed of a variety of features such
as isolated TiO2(110)-(1 × 1), lines of free or intertwining TiO2(110)-(1 × 2), various rosette
structures, crystallographic shear planes, and even isolated islands of stoichiometric Magneli
phases such as Ti2O3. The final composition of the surface structures under reduction is
very history dependent151, but for the same procedure, higher temperatures under vacuum
increase non-stoichiometry and this increase is reflected by the formation of distinct surface
structures. This surface distinction can even serve as another way to indicate reduction
levels in addition to the aforementioned coloration and UV-Vis absorption spectrum25.
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Figure 2.7 2 μm x 2 μm AFM images of the “U” reduced surfaces: (a) Unmodified (b) 700 oC (c) 800oC (d)
900oC (e) 1000oC. Height scale for all images set to 40 nm.
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Pre-UV

Post-UV

Roughness

Roughness

(RMS, nm)

(RMS, nm)

Unmodified

0.108 +/- 0.017

0.112 +/- 0.021

700oC

0.385 +/- 0.036

0.362 +/- 0.029

800oC

0.418 +/- 0.196

0.747 +/- 0.066

900oC

1.432 +/- 0.089

1.318 +/- 0.085

1000oC

1.366 +/- 0.271

1.494 +/- 0.195

Table 2.1 “U” surfaces AFM RMS roughness measurements of TiO2-x surfaces before and after a 30 second
dose of UV irradiation. Roughness increased with increasing processing temperature. Except for the 800 oC
surface, there were no significant changes in roughness pre- and post-UV.

In order to examine wetting changes independent of potential contributions from
surface restructuring or roughness differences observed on the “U” surfaces, all of the “P”
surfaces underwent polishing after reduction using the steps described previously. For the
“P” surfaces, the RMS roughness values of the surfaces again increased with increasing
processing temperature (Table 2.2). Yet after polishing, an increase in roughness was
observed on all “P” surfaces but all were similarly roughened to similar RMS values (Table
2.2). Thus, any reduction induced restructuring is eliminated so any results observed for the
“P” surfaces were not from differences in their topography.
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Pre-Polished

Post-Polished

Roughness

Roughness

(RMS, nm)

(RMS, nm)

Unmodified

0.099 +/- 0.027

2.17 +/- 0.36

700oC

0.401 +/- 0.088

2.07 +/- 0.65

1000oC

1.143 +/- 0.462

2.08 +/- 0.38

Table 2.2 AFM RMS roughness measurements of TiO 2 and TiO2-x surfaces before and after polishing. After
polishing, the surfaces all increased their roughness but also reached values within standard deviations of each
other.

Water contact angles of the TiO2 and TiO2-x surfaces were measured. Before any UV
or visible light exposure, the “U” reduced surfaces all had similar contact angles of ~70o and
the “P” surfaces had contact angles around 65o. The contact angle of the “U” stoichiometric
surface is distinctly different – around 58o - from the “U” reduced surfaces (Fig 2.8a), likely
due to their differing roughness values and surface structuring (Table 2.1). As previously
explained in detail above, two techniques were used to convert the hydrophilic surfaces back
to their initial hydrophobic values: oven heating for the “U” surfaces and IR heating for the
“P” surfaces.
All the TiO2-x samples showed the same ability as the TiO2 surfaces to undergo
contact angle cycling using UV irradiation to induce complete wetting and oven heating or
IR irradiation to return the surfaces to their initial contact angles (Figs. 2.8a and 2.8b). Such
contact angle cycling with UV exposure has been previously reported for TiO2
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surfaces43,45,135,152, but has not been studied for TiO2-x surfaces. The possible mechanisms
regarding this contact angle change are described in the discussion.

Figure 2.8 UV-IR cycling for (a) “U” and (b) “P” surfaces. The TiO2 and TiO2-x surfaces were exposed to
three cycles of five minutes of UV irradiation and 60 minutes in an oven at 120°C for the “U” surfaces and 120
minutes IR irradiation for the “P” surfaces. The lines are guides to the eye. Dotted line indicates a contact
angle of 12°. Below 12° contact angles could not be accurately measured and are considered as if they
completely wet the surface.
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In order to determine a rate of contact angle reduction for the samples, each surface
was irradiated in 15 seconds UV irradiation doses and the contact angle was measured after
each dose (Figs. 2.9a and 2.9b). The contact angle decreased with increasing UV exposure
time until complete wetting was observed. All “U” surfaces achieved complete wetting by
150 seconds. All “P” surfaces achieved complete wetting within 300 seconds.
Stark differences between the “U” and “P” reduced surfaces appeared during this
experiment. For the “U” surfaces, the 700oC surface (Fig. 2.9a) had its rate of conversion to
complete wetting appear to decrease when compared to the other TiO2-x surfaces and the
stoichiometric surface. With increased reduction, as shown by the behavior of the 800oC
and the 900oC surfaces, the time to complete wetting decreased. These surfaces reached
complete wetting faster than the stoichiometric TiO2 surface. Finally, the surface that had
undergone the greatest reduction (at 1000oC) appeared to slow the change in its wetting rate
to a rate slower than that of the stoichiometric surface.
The “P” surfaces displayed a more straightforward behavior. As seen in Fig. 2.9b,
the more reduced the surface, the faster the change to a state of complete wetting. The most
reduced surface reached complete wetting over five-and-a-half times faster than the
stoichiometric surface reached complete wetting.
There are a number of co-dependent phenomena that affect the contact angle
measured. In general (See eqn. 5), it is known that increasing the roughness of a hydrophilic
surface causes the contact angle to decrease. In addition, increasing the roughness of a nonstoichiometric TiO2 surface has been shown to increase photocatalytic activity, thereby
causing the contact angle to decrease153. Finally, another cause follows from the polishing
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process for the “P” surfaces which would cause a restructuring of surface bonds which may
mean a different surface than the unpolished surface.
There does not seem to be a simple correlation between wetting rates and roughness,
as seen by comparing the results on the “U” surfaces from the UV irradiation test (Fig. 2.9a)
and the RMS roughness data (Table 2.1). For example, the data for the 700oC “U” surface
indicates that the wetting rate conversion is slower – even though the RMS roughness value
is three times greater – than the TiO2 surface. The data for the 1000oC surface is also slower
– even though the RMS roughness value is three times greater – than the 800oC surface.
These results suggest that roughness may not be enough to explain the wetting rate changes
on reduced surfaces in general in the same way roughness changes may explain increases in
photocatalytic activity.
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Figure 2.9 Measured contact angle as a function of UV exposure for (a) “U” and (b) “P” surfaces. For the “P”
surfaces, the rate to complete wetting increases as reduction increases. For the “U” surfaces, the surface
reduced at 800°C and 900°C reached complete wetting the fastest. Dotted line indicates a contact angle of 12°.
Below 12° contact angles could not be accurately measured and are considered as if they completely wet the
surface.

For both the “P” and “U” surfaces, the complete wetting following a sufficient dose
of UV irradiation is robust with respect to time as has been previously observed15,154. The
surfaces tested here displayed complete wetting up to an hour after receiving the UV dose.
The surfaces were also irradiated with intense visible light free of UV frequencies.
Visible light doses lasted 90 minutes, after which contact angles were measured. The
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surfaces were then placed in an oven at 120oC for one hour for the “U” surfaces or IR
irradiated for 120 minutes for the “P” surfaces. The procedure was then repeated two more
times. As shown in the plots below (Figs. 2.10a and 2.10b), all the TiO2-x surfaces displayed
the ability to undergo contact angle cycling – albeit, not to complete wetting. By contrast,
the TiO2 surfaces did not show any change in their wetting properties under visible light
exposure.

Figure 2.10 (a) Visible light-heat cycling for the “U” and (b) “P” surfaces. The TiO2 and TiO2-x surfaces were
exposed to an intense visible light LED for 90 minutes. The reduced surfaces lowered their contact angles
under visible light and return to their initial contact angles after being heated in an oven for 60 minutes at
120oC for the “U” surfaces or by IR irradiation for 120 minutes for the “P” surfaces. The lines are meant as
guides to the eye.
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The kinetics of the wetting changes induced by visible light irradiation were also
studied. Both the “P” and “U” surfaces were separately irradiated with visible light in 15minute intervals. During this procedure, the TiO2 surfaces did not significantly change their
wetting properties throughout the entire 120 minute experiment as expected and similarly
observed during the visible light cycling tests. However, the TiO2-x surfaces responded to
visible light irradiation within 15 minutes with a change in their wetting properties (Fig. 2.11a
and 2.11b). The contact angles of the “P” reduced surfaces asymptotically approached
values 25o-30o below their initial contact angles and the “U” reduced surfaces asymptotically
approached values 35o-40o below their initial contact angles. The difference between the
final contact angles for “U” and “P” surfaces are likely due to the large differences in their
respective roughness values (See Tables 2.1 and 2.2). Except for the “U” stoichiometric
surface, which remained unmodified, the “U” surfaces were smoother than the “P” surfaces.
The surfaces tested did not approach a state of complete wetting under visible light
irradiation during the interval tested. This is in contrast to their behavior under UV
irradiation wherein all surfaces reached complete wetting within 270 seconds.
Again, differences in behavior between “U” and “P” surfaces were observed. For
the “P” surfaces, the surface with greater reduction lowered its contact angle farther and
faster than the lesser reduced surface. This indicates that greater reduction may create
surfaces more able to quickly undergo wetting conversion if surface morphological
differences are minimal.
For the “U” surfaces under visible light, the surface reduced at 800oC appears to
reach its asymptotic value the fastest. With the data from the timed UV irradiation tests
factored in, these results may indicate an optimization of the wetting properties around this
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level of reduction despite the 800oC surface not being the surface most heavily reduced.
Combined with the results of the “P” surfaces, this result indicates that the reduction
induced surface restructuring – as observed by the AFM results in Figure 2.7 – is most likely
responsible for this seemingly anomalous behavior. That surface structuring affects wetting
rates matches previous studies on the wetting properties of nanostructured TiO2155 that show
careful structuring of a surface composed of compositionally identical TiO2 nanoparticles
can drastically alter how quickly such surfaces can reach a state of complete wetting under
identical irradiation conditions. Our results indicate that vacuum thermal reduction may
offer a way to investigate nanostructured wetting behavior even with single crystals prepared
using a relatively facile method and, inversely, may offer another way – in addition to the
coloration, UV-vis spectroscopy, and surface structure89 - to evaluate the level of reduction
based on the time it takes for reduced surfaces to reach a state of complete wetting.
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Figure 2.11 Contact angle versus visible light exposure time for (a) “U” and (b) “P” surfaces. The unmodified
TiO2 surfaces do not undergo a wetting change during exposure. Contact angles of the reduced “U” surfaces
appeared to level off 35°-40° lower than their initial contact angles and the “P” surfaces appeared to level off
25°-30° lower than the initial contact angles.

Discussion
It has been found that the wetting properties of stoichiometric TiO2 and TiO2−x
single crystal surfaces respond to UV light and can be made completely hydrophilic after
only 270 seconds of UV irradiation (Figs. 2.9a and 2.9b). Surprisingly, the wetting properties
of TiO2-x surfaces also respond to visible light irradiation (Fig. 2.11a and 2.11b). As
expanded on in the introduction, there are a number of mechanisms used to explain the
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photoinduced hydrophilicity (PIH) properties of stoichiometric TiO2 and all involve the
excitation of charge carriers that can only become excited when irradiated with
electromagnetic wavelengths shorter than those in the visible light spectrum. Therefore, it is
necessary to see if these mechanisms can be extended to explain the visible light PIH
observed here on reduced TiO2.
To summarize the previous discussion in the introduction, there are three or four –
depending on categorical definitions – proposed PIH mechanisms. The first mechanism
was proposed in the first paper to describe the effect15. Ultraviolet light was thought to be
energetic enough to cause bridging oxygen to be expelled from the lattice leaving behind
vacancies that were known to cause water molecules to dissociate increasing the density of
hydroxyl groups on the surface. This densification causes the surface energy to increase and,
therefore, by Young’s equation (eqn. 2) makes the surface more hydrophilic. This
mechanism also helped to explain why forms of TiO2 with bridging oxides, such as the rutile
(110) used here, become more wetting quicker than non-bridging forms: these bridging
oxygen are at a higher energy and therefore driven off more easily to create the necessary
oxygen vacancies156,157.
The second proposed mechanism is considered by the progenitors of the first
mechanism26 simply as a modification of the first mechanism when it became clear that UV
irradiation at the low intensities typically used to induce hydrophilicity were insufficient to
cause bridging oxygen expulsion. Instead a different chemistry was described to induce the
same hydroxyl densification45. It was proposed that a small number of the photo-excited
holes that did not go to instigating various photocatalytic processes instead attacked one of
the two bonds connecting a bridging hydroxyl molecule to titanium atoms on the surface.
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This causes these bonds to break apart and, in coordination with H2O near the surface, form
two single-bonded Ti-O bonds. Alternatively and simultaneously, the direct oxidation of
bridging oxygen by a hole would attract hydroxyl groups to adsorb on the surface. Both
actions result in the densification of hydroxyl groups increasing the surface energy and
creating a more hydrophilic surface.
The third mechanism is perhaps the most mundane but also the one that would
immediately occur to experimentalists observing photoinduced hydrophilicity who were
familiar with TiO2. This involved invoking the very well-studied and well-understood
photocatalytic properties of UV irradiated TiO2 to explain PIH. Indeed, the original
progenitors initially proffered this mechanism and only deviated from this belief when they
believed the evidence insisted that they do so27. The photocatalytic mechanism envisions the
high energy TiO2 surface as naturally prone to complete wetting and any finite contact angles
observed owe their existence to a contamination layer. When that contamination layer is
broken down by the myriad of photocatalytic processes awakened by UV irradiation, the
high energy surface is exposed and the wetting is total. The photocatalytic mechanism
insists that no new physics is needed to explain PIH.
Finally, there is the mechanism that hopes to reconcile these two views58 by
proposing that the photocatalytic process is responsible for the initial changes to the contact
angle by its breaking down surface contamination but has the hydroxyl densification
mechanism coming in play to bring down the contact angle all the way to 0o.
The results presented here may indicate a novel avenue of investigation that could
enable future researchers to isolate which of the previously elucidated mechanisms, if any, is
responsible for the hydrophilic conversion on TiO2 under the appropriate electromagnetic
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wavelengths. As noted, the contact angle of reduced TiO2 changes under visible light (Fig.
2.11a and 2.11b) asymptotically approach a lower - but non-zero - contact angle. Therefore,
whatever mechanism is causing the reduced surfaces to change their wetting properties
under visible light may not be the same mechanism that causes complete wetting under UV
irradiation.
The results appear to support the photocatalytic mechanism and the two part
mechanism. The manifestation of the asymptotic rate of change of wetting properties under
visible light before the surfaces reach a state of complete wetting has also been seen in
doped TiO263,69,70 surfaces and on other metal oxides that undergo wetting changes under UV
irradiation158. In doped TiO2, the response to visible light is usually ascribed to a narrowing
of the bandgap via the creation of bandgap states due to the dopants13,63,70. A similar
narrowing, via the creation of bandgap states 0.75-1.18 eV below the conduction band,
occurs for TiO2-x153,159–161. So when irradiated by visible light, charge carriers are
photocatalytically freed and can engage in breakdown of surface contamination, albeit at a
reduced rate161. By itself, these results directly support the photocatalytic mechanism as that
can be seen as the only process occurring from these charge carriers which are less energetic
than charge carriers excited by UV irradiation. These results can also support the two part
mechanism by positing that the second mechanism that causes complete wetting that occurs
under UV irradiation may simply not be stimulated because the energy of excitation is too
low thereby explaining why complete wetting of the surface fails to manifest.
Under these conditions, any observed wetting changes on visible light irradiated
reduced surfaces that have been cleaned to reduce the initial influence of contamination
could be evidence of a process separate from photocatalysis. Alternatively, and more
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practically, the discussion around the myriad of photocatalytic processes that can occur on
the TiO2 surface has been plagued by the discovery of processes that were
thermodynamically unfeasible at first glance – such as the generation of 1O2 - but were then
found to be feasible after taking into account various coordinating reactions due to the
nature of the TiO2 surface. A clean, reduced TiO2 surface under both visible and ultraviolet
light may offer insight as to the energies required to initiate certain photocatalytic reactions
and therefore help tune the properties of TiO2 for the purpose of becoming a more efficient
photocatalytic surface.
Finally, some of our results indicate that reduced TiO2 may, in fact, be able to serve
as a test bed to determine the true mechanism behind PIH. One notable aspect of our
experiment becomes apparent with the discussion of overall photocatalytic efficiency.
Increasing the bulk to surface defects ratio tends to lower the overall photocatalytic
efficiency under UV irradiation despite increasing the wavelength range that will cause the
surface to become photoactive. This is ascribed to the increase of charge recombination
centers in the bulk that serve to trap charge carriers that would otherwise reach the surface
and initiate photocatalytic reactions162. Our results from the “U” surface (Fig. 2.9a) seem to
support this idea as the 800oC surface was quicker to change its wetting properties than the
more reduced surfaces. By itself, this experiment could be explained by proposing that the
800oC surface had a more ideal amount of bulk defects – enough to become photoactive
under visible light, but without too many defect induced recombination centers - and that
the increase in such defects in the 900oC and 1000oC were such that defects acting as
recombination centers overwhelmed the benefit of having more easily excitable bandgap
states.
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However, the results from the “P” surfaces (2.9b) seem to negate these findings.
These results seem to indicate that the more reduced a surface is the quicker it will change its
wetting properties under photoactivating irradiation if one controls for surface morphology.
This seemingly contradicts the idea that increasing bulk defects decreases the overall
photocatalytic efficiency if photocatalytic decontamination is indeed the main mechanism
behind PIH. This contradiction can be resolved by pointing to the minority of experiments
which showed that bulk defects do increase photocatalytic activity in a metal oxide – though
it is easier to find evidence of this in other metal oxides such as ZnO and not so readily seen
in TiO2140,163. However, given the consensus indicating that increasing bulk defects does
decrease photocatalytic efficiency, the results seem to point to a difference between
photocatalytic activity and photoinduced hydrophilicity. In other words, if the two
phenomena are actually different, then photocatalytic activity can indeed become less
efficient as the bulk-to-surface defect ratio increases as reduction increases while PIH,
working through a different pathway, becomes more efficient. The experimental results
would then be a manifestation of this difference. Future experiments would examine if this
difference is indeed a path to discovering a difference between photocatalytic
decontamination and photoinduced hydrophilicity.

Conclusion
The wetting properties of stoichiometric TiO2 and reduced TiO2-x rutile single
crystals were studied. In all, eight rutile (110) surfaces were examined with six of those
surfaces being reduced by heating inside a vacuum oven. This method was chosen as the
means to produce non-stoichiometry because it results in a greater bulk-to-surface ratio of
defects as surface defects will rapidly re-oxidize under ambient conditions whereas bulk
defects are protected from oxidation in the same conditions. After removal from the
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vacuum oven, three of the surfaces were polished – labelled as the “P” surfaces - so that
their surfaces had similar roughness characteristics and four of the surfaces were left
unmodified – labelled as the “U” surfaces. The TiO2 and TiO2-x samples reached a state of
complete wetting under UV irradiation and then returned to their initial contact angles under
oven heating and IR irradiation. Additionally, the TiO2-x surfaces were found to respond to
visible light with an increase in wettability whereas stoichiometric TiO2 does not change its
wetting properties under the same irradiation. This contact angle change occurred at a much
slower rate under visible light than under UV light for the reduced surfaces despite the
greater intensity of the visible light. It was also found that the contact angle only dropped
35o-40o for the unpolished surfaces and 25o-30o for the polished surfaces under visible
irradiation, never reaching complete wetting, whereas all the surfaces became completely
wetting under UV irradiation.
Reduction was also found to have an effect on the time required to induce a change
in the wetting properties of a surface. Under UV irradiation, the “P” surface with greater
reduction went to complete wetting almost three times faster than the surface that was
reduced less and both reduced surfaces became completely wetting much faster than the
stoichiometric surface. For the “U” surfaces, lightly reduced and heavily reduced – the
700oC and 1000oC surfaces respectively – showed a decrease in their contact angle change
rate compared to stoichiometric TiO2 under UV irradiation. The “U” surfaces reduced at
800oC and 900oC had a faster contact angle rate change than the stoichiometric surface
under UV irradiation. Despite these performance differences under visible light both the
“P” and “U” reduced surfaces reached their asymptotic states at about the same times.
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It is posited that the difference in behavior between the “P” and “U” surfaces was
due to the differences in surface topography. This position is due to two features from the
AFM studies of the surfaces. First, the roughness values which showed the “P” surfaces had
almost double the roughness values of the “U” surfaces when compared as groups while,
within the group of “U” surfaces, the roughness values differed from each other by more
than an order of magnitude. In addition, the surface structure of the “U” surfaces – in line
with previous experimental results - deviated according to their level of reduction. Such
reduction-induced structuring was, of course, not seen on the “P” surfaces due to the
polishing process.
The observation that the contact angles of the reduced surfaces stopped decreasing
before reaching a state of complete wetting could fit into two of the popular mechanisms
used to explain photoinduced hydrophilicity (PIH). The differences in the time it takes for
the “P” surfaces to reach a state of complete wetting under UV irradiation differed from the
expected results if photocatalytic activity was the sole cause of PIH. Specifically, it was
found that increasing reduction correlated to faster conversion to a state of complete wetting
under UV irradiation and that both of the “P” reduced surfaces converted faster than the
“P” stoichiometric surface. This is in contrast to the consensus that maintains that bulk
defects in non-stoichiometric TiO2 should lower photocatalytic efficiency. Therefore, if
photocatalytic activity was the only mechanism causing PIH, these results need to be
explained. The findings, therefore, may present a novel avenue for further study.

61

Formation of a Pickering Emulsion with TiO2 Nanoparticles
and In Situ Destabilization under Ultraviolet Irradiation
Introduction
In this chapter, the wetting behavior of TiO2 nanoparticles at air/water and oil/water
interfaces is investigated. The focus of the work was to utilize the ability of TiO2 to change
its wetting properties under UV irradiation in order to direct the properties and stability of a
system. In particular, solid-stabilized Pickering emulsions were formed using TiO2. Under
certain conditions, exposure to UV caused emulsion destabilization as the TiO2
nanoparticles partitioned from the interface into the water phase. The ability to cause an
emulsion to destabilize under a given stimulus offers a new way to transport volatile, hard to
transport, or otherwise harmful substances in a stable emulsion droplet and release that
substance only at the targeted location.
Other experimental motifs to induce destabilization have been successfully
implemented. These include changing the emulsion solution to cause the solid stabilizing
the emulsion – such as chitosan for pH-based responsiveness9 – or the coating on the solid
stabilizer – such as with a temperature responsive polymer for temperature-based
destabilization100 - to change their wetting properties sufficiently to cause the solid particle to
leave the interface. However, this approach necessitates changing the properties of the
entire system to cause destabilization. The application of strong electric101 and magnetic
fields102, which bypass modifying the entire system, have been used to induce the expulsion
of solid particles with high dielectric values or which are magnetically active, respectively, at
the emulsion interface to cause destabilization. However, these approaches also have
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systemic drawbacks such as strong electric fields adversely affecting biological systems and
the difficulty of focusing very strong magnetic fields without specialized apparatuses.
Here, the two properties of TiO2 – photocatalysis and photoinduced hydrophilicity
(PIH) – that were prominent in the previous chapter are further explored and exploited.
These effects were investigated in order to see if they are sufficient to cause TiO2
nanoparticles at an interface to move into the water phase and cause emulsion destabilization
when TiO2 is used as an emulsifier in a Pickering emulsion.
First, changes to the wetting properties of TiO2 at an air/water interface under UV
irradiation was monitored by observing a TiO2 coated sessile drop in air and a sessile drop
resting on a packed bed of hydrophobic coated TiO2 nanoparticles. In these model
experiments, it was shown that TiO2 particles can be made to move into the water phase
under UV irradiation.
Next, Pickering emulsions using uncoated TiO2 nanoparticles as the solid particle
stabilizer were created. Oil-in-water (o/w) emulsions were formed for various solution
conditions including pH values ranging from 2 to 12, different oils, and different oil/water
volume fractions. Many of the emulsions thus formed – and all of the emulsions for which
data is presented here - were stable under ambient conditions for more than thirty days.
To reiterate, TiO2 will respond to UV irradiation in air by transitioning to a state of
hydrophilicity with the conversion to complete wetting15. Contact angle measurements of
uncoated TiO2 nanoparticles measured by a variety of methods give water contact angle
values ranging from 60° ± 25° that fall to < 10° under UV irradiation45,50,51,154,164. As
previously mentioned, if the solid particle at the interface of a Pickering emulsion has a
contact angle less than ~20o the emulsion is no longer stabilized by the solid nanoparticles99.
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Therefore, if the transition to complete wetting will occur for TiO2 at the interface of the
emulsion under UV irradiation, it is presumed that such emulsions will be destabilized. In
the absence of other stabilizing effects, destabilization is expected to be observed as a
coalescence of the emulsion droplets.
On exposure to UV, the emulsions formed with a pH below the isoelectric point
(IEP) of TiO2 of pH = 6.2165 showed the emulsion droplet diameters expanded by up to
approximately 20% with the larger emulsion droplets expanding the most. However, this
expansion was not sufficient to cause coalescence. As discussed below, the pH of the water
phase affects the contact angle of many nanoparticles166 and may also suppress or enhance
the PIH mechanism45 by altering the potential of the interface. The perceived expansion
indicates that the wetting properties of the TiO2 nanoparticles at the oil/water interface
change under UV irradiation causing the nanoparticles to adhere to the hydrophilic glass
surface. Yet, this change is not sufficient to force their complete removal from the interface
thereby creating the conditions for destabilization. The emulsions formed with a pH above
the isoelectric point (IEP) of TiO2 remained unchanged and completely stable even after
many hours of UV irradiation. This pH dependency will be explored below.
Pickering emulsions were investigated with hydrophobically coated TiO2
nanoparticles acting as the emulsion stabilizer. The hydrophobically coated particles resulted
in the expected167 formation of water-in-oil (w/o) emulsions due to their high contact angle
values. It was found that after only a few minutes under UV irradiation, these emulsions
would destabilize. Given the results with non-coated TiO2, these changes were ascribed to
the UV excited photocatalytic breakdown of the hydrophobic coating rather than the PIH
mechanism. With the hydrophobic coating removed, the hydrophilic TiO2 nanoparticles
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come in contact with – and are then absorbed into – the water phase and it is posited that
this breakdown mechanism is also behind the emulsion destabilization.

Experimental Methods
Aeroxide NKT-90 TiO2 is a hydrophobic fumed titanium dioxide composed of 71%
anatase phase TiO2 and the balance is rutile made hydrophobic by reacting with
trimethoxy(2-methylpropyl)-silane. The average particle size is 30 nm. Aeroxide P25 is a
hydrophilic fumed titanium dioxide composed of 71% anatase phase TiO2 and the balance is
rutile. The average particle size is 22 nm. Both were obtained from Evonik Industries
(Parsippany, NJ, USA) and used as received. Pure anatase (>99.9%) TiO2 was purchased
from SkySpring Nanomaterials, Inc. (Houston, TX, USA). It has a typical size between 1030 nm and was used as received.
The oils used to create the emulsions included toluene (> 99.9%, Fisher, Pittsburgh,
PA, USA), dodecane (> 99.5%, Sigma-Aldrich, St. Louis, MO, USA), and tetradecane
(Sigma-Aldrich, > 99%). The water used was Milli-Q (17.8 MΩ, EMD Millipore, Billerica,
MA, USA). When an acidic emulsion was required the pH was adjusted using HCl (Fisher,
37.4%). When a basic emulsion was required the pH was adjusted using NaOH (Fisher,
50%).
Glassware was cleaned by rinsing in sequence with acetone, ethanol, isopropanol,
50% sodium hydroxide in water solution, and two Milli-Q (17.8 MΩ, EMD Millipore,
Billerica, MA, USA) water washes. In experiments where the glass needed to be
hydrophobized, the glass was then exposed to a vapor of dimethyl-dichlorosilane (Fluka
Chemika, >99.5%) for 5 minutes.
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Water-in-oil (w/o) and oil-in-water (o/w) emulsions were created by using a
Polytron PT 3100 homogenizer equipped with a rotor-stator Polytron PT-DA 3102/TS
homogenizer generator (Kinematica AG, Littau-Lucerne, Switzerland). 10 mL each of water
and oil along with 0.2 g of anatase, P25, or NKT-90 TiO2 nanoparticles were placed in a 50
mL glass vessel and homogenized at 20,000 RPM for 2 minutes. When an acidic or basic
emulsion was desired, the HCl or NaOH aqueous solution was added to the water before
adding the nanoparticles and oil. The resulting solution divides into different phases
depending on the composition of the emulsion. When NKT-90 was used, the resulting
emulsion divides into an oil top phase and w/o emulsion bottom phase with little to no
particle precipitation. When uncoated anatase or P25 nanoparticles were used, the resulting
emulsion divides into either an o/w emulsion top phase and a water bottom phase or an oil
top phase, o/w emulsion middle phase, water solution bottom phase, and some precipitated
solids at the bottom of the vial depending on the pH of the continuous phase. All
emulsions made by these means have shown a stability of more than a month under ambient
conditions.
Emulsions were imaged with a Variscope 14.0 MP USB 2.0 Telescope Digital
Camera and the images and videos analyzed with the accompanying ToupView 3.7 software.
For imaging, 10 μL of the w/o emulsion was dispersed into 3.5 mL of toluene contained in a
glass cuvette and the o/w emulsions were dispersed into 3.5 mL of water with a pH to
match the pH of that emulsion’s continuous phase. Because water has a greater density than
oil, the emulsion droplets formed a monolayer at the bottom of the glass cuvette for the w/o
emulsions and at the top of the glass cuvette for the o/w emulsions. The emulsions were
observed to be stable overnight under ambient light at this dilution. A solution containing
NKT-90 w/o emulsion droplets was freeze dried under vacuum and imaged with a JEOL
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JSM-6700F Field Emission Scanning Electron Microscope equipped with an EDAX
microanalysis system.
Sessile drops were imaged with a Celestron 5.0 MP USB Digital Microscope Pro.
Contact angle values of these macroscopic drops were quantified by analyzing the images
with Dropsnake133 contact angle processing software.
The UV source was a Thorlabs Mounted High Powered UV LED (Newton, NJ,
USA, M365L2) with a power and current output of 360 mW and 700 mA respectively. The
manufacturer characterizes the output as 365 nm +/- 7.5 nm.
The intense visible light source was a Thorlabs Mounted High Powered Cold White
LED (MCWHL2) with a power and current output of 600 mW and 1200 mA respectively
with three peaks, in order from most to least intense, at 455 nm, 530 nm, and 570 nm and a
correlated color temperature of 6500 K. This LED does not bleed into the UV range –
cutting off at 420 nm – or past 670 nm into the infrared range.
When irradiating the emulsions, the light sources were placed 1 cm from the bottom
of the glass cuvette holding the emulsion. When irradiating sessile drops, the light sources
were 5 cm from the tops of the drops. The cuvette walls had a 1 mm thickness and was
transparent to all frequencies used.

Results
Model Sessile Drop Experiment
Sessile drops composed of water (pH = 5.6) and acidic water (pH = 2.11) were used
to examine how the NKT-90 TiO2 reacted to UV irradiation at the air/TiO2 interface. The
NKT-90 TiO2 was compacted into a uniform, microscopically rough surface. 10 μL water
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drops were placed onto the solid, particulate surface. Contact angles of 161o and 144o were
measured for the water drop (pH = 5.6) and acidic water drop (pH = 2.11) respectively.
Evaporation tests were conducted and the contact angles of the drops remained within ±5o
of their initial values until full evaporation of the drops occurred within 90 minutes.
Drops of water were then placed on the solid, particulate surface and irradiated with
UV light. When irradiated, the contact angles of the water drops decreased from their initial
values to an angle sufficient to wet the powder within minutes (Figs. 3.1 and 3.2). After
reaching the wetting transition point, the sessile drop would suddenly completely wet the
surface rather than continue to steadily lower its contact angle. This sudden transition to
complete wetting was seen even for very thin layers of NKT-90 (See Chapter 4) and is not
seen in PIH experiments involving macroscopic TiO2 surfaces under ambient conditions
(See Chapter 2). This sudden transition therefore indicates that an effect other than PIH is
active.

Figure 3.1 A 10 μL water droplet on a part of a larger compressed layer of NKT-90 TiO2 undergoing contact
angle (θ) changes under UV irradiation. (a) Before UV irradiation begins; θ = 161 o (b) After 4 minutes; θ =
148o (c) After 8 minutes; θ = 110o (d) After 8 minutes and 40 seconds, the drop suddenly wets the compressed
powder layer under the drop.
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Figure 3.2 Contact angle vs. UV irradiation time for two sessile drops – water (pH = 5.6) and acidic water (pH
= 2.1) – on a solid, particulate surface composed of compressed NKT-90. The acidic water drop starts at a
lower contact angle and reaches a point where the drop wets the NKT-90 faster than the water drop.

A separate experiment involved coating a water drop with NKT-90 TiO2 by rolling
the drop on the powder and subsequently rolling the particle-coated droplet onto a glass
slide. The coated droplet (liquid marble)168, was then exposed to UV light. As shown in
Figure 3.3, the UV irradiation caused the TiO2 to be drawn into the water. As the
nanoparticles moved into the water phase, the contact angle was also seen to decrease. This
indicated two possible effects. First, one where a wetting transition occurred wherein the
water begins to wet the thin particle layer below the liquid marble. Second, the TiO2
nanoparticles begin to change their wetting properties to the point where the liquid marble
can change its shape and where the nanoparticles can be drawn into the water drop. The
water drop (pH = 5.6) drew in the TiO2 from its surface within 9 minutes whereas the low
pH acidic water drop (pH = 2.1) drew in the TiO2 by 6 minutes. Since the UV irradiation
was applied from the top of the drop, the fact that the contact angle decreased indicates that
the UV light passed through the droplet and caused TiO2 to undergo a wetting conversion
despite any attenuation of the intensity of the light as it passed through the drop.
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Figure 3.3 A 10 μL of water (pH = 5.6) was covered in NKT-90 TiO2 to create a liquid marble. Upon
exposure to UV light, the liquid marble begins to change its shape and the nanoparticles are observed to be
drawn into the water. By 8 minutes, a large fraction of the powder had been pulled into the water drop.

Pickering Emulsions using Uncoated TiO2
Pickering emulsions with uncoated TiO2 – either the anatase or P25 nanoparticles were prepared with a liquid water volume fraction – φw - of 0.5 wherein the water phase had
its pH adjusted so samples were created with pH values from 2 to 12 (Fig. 3.4). The
emulsions with a pH of 2 and 12 were unstable and demulsified within one hour. The
emulsions with pH values between 3 and 11 were stable after a month but showed various
degrees of coalescence – indicated by the volume of the oil layer on top - and sedimentation
– indicated by the solid particle layer at the bottom and the cloudiness of the water solution
layer due to suspended solids - as can be observed in Figure 3.4.
The emulsions were all o/w emulsions even for φw as low as 0.10. Tests to confirm
this follow the common method96 whereby an aliquot of the emulsion is removed from the
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emulsion layer and placed into a vessel containing water or oil. Drops that disperse in oil are
w/o emulsions and drops that disperse in water are o/w emulsions. Also apparent is that
the emulsions with a pH at or slightly above the IEP of TiO2 were the most stable with the
emulsion created at a pH of 8 appearing to be the most stable as it possessed the thinnest oil
layer, a clear water layer, and a thin sedimentation layer on the bottom. The thin oil layer
indicates that there is little coalescence occurring99. In general, the oil layer serves as a good
marker for the overall stability of a Pickering emulsion due to its correlation with
coalescence. The clear water and small sedimentation layer indicate that the stabilizing
network of nanoparticles outside of the interfaces of the emulsion droplets in the continuous
phase remain in place, an important stabilizing factor for solid-stabilized emulsions169.
Measurements of the emulsion droplets taken after initial emulsion creation and after one
month showed that the average emulsion droplet size did not change. The height of the oil
layers reached their presented (Fig. 3.4) size within 24 hours of emulsion creation indicating
that coalescence events reach equilibrium soon after the initial settling stage and the
emulsions remain stable with little deviation in oil layer height for at least one month.
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Figure 3.4 Pickering emulsions with anatase particles as the solid particle emulsifier. The clear top layer is
toluene, the middle layer is an o/w emulsion, the next layer is a water solution, and the bottom is solid-particle
sedimentation. The labels indicate the pH of the continuous water phase after the emulsion was created.
Shown here are emulsions 24 hours after preparation. These emulsions remained stable a month after their
creation with little deviation from the pictured height of the oil layer indicating an overall stability in the
emulsions. The emulsions near and above the isoelectric point of pH 6.2 show the greatest resistance to
coalescence as indicated by the small size of the oil layer above the emulsion layer and the lack of suspended
particles and sedimentation below the emulsion layer. The emulsion with a pH 8 was the most stable emulsion.

UV-induced destabilization tests proceeded by diluting an aliquot of emulsion in a
cuvette containing a water solution with the same pH as that of the emulsion’s continuous
phase and observing under magnification. The dilution allowed one layer of emulsion
droplets to be easily imaged as they press against the top of the cuvette surface. Each
emulsion was allowed to sit for 30 minutes before being irradiated by a given source. No
noticeable change in emulsion size, activity, or destabilization was observed during this
quiescent stage. Each emulsion was then exposed to UV irradiation for one hour. When
this dose was shown to be insufficient to cause emulsion destabilization, new dilutions were
prepared and exposed to longer doses of UV irradiation. This was repeated until exposure
lengths reached 6 hours.
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The emulsions responded to the long UV exposures in two ways that seem to be
related to the value of the pH of their continuous phases. First, if the continuous phase of
the emulsion has a pH above the isoelectric point of 6.2, then there is no response to UV
irradiation no matter the length of the dose (Fig. 3.5). Second, if the continuous phase has a
pH below the isoelectric point, the emulsion droplets appear to expand approximately 20%
with the extent of expansion proportional to the initial size of the emulsion droplet (Fig.
3.6). Explanations for this apparent “expansion” are addressed below. However, because
the emulsion is still stable, these results indicate that no combination of UV irradiation or
pH adjustment is sufficient to cause enough of the TiO2 nanoparticles to completely leave
the emulsion interface in order to induce emulsion breakdown. Specifically, if the TiO2
nanoparticles do leave the emulsion interface then later tests detailed below – whereby the
glass was coated with toluene soluble dimethyl-dichlorosilane170 - would have resulted in the
uncovered oil droplet wetting the silane coated surface. However, this does not preclude
some or most of the particles dropping from the interface, only that a thin layer of particles
appear to remain at the interface even after prolonged exposure.
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Figure 3.5 A diluted (o/w) Pickering emulsion with anatase TiO2 nanoparticles as the solid particle emulsifier
with the continuous water phase at pH 7. On the left is a representative top view of different size emulsion
drops ranging from 20 μm to 300 μm in diameter. The image was taken at the start of UV irradiation. At the
right is the same set of emulsion drops after 6 hours of UV irradiation. Virtually no change is seen in the size
of the drops during this duration. The largest drop underwent the largest change with its diameter increasing
only 4 μm overall. All of the emulsions with a continuous phase pH above the isoelectric point of
nanoparticulate TiO2 did not appear to change their size under UV irradiation.
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Figure 3.6 A diluted (o/w) Pickering emulsion with anatase TiO2 nanoparticles as the solid particle emulsifier
with the continuous water phase at pH 3. The left image is of the emulsion droplets at the start of UV
irradiation and the right image are those same droplets after one hour of UV irradiation. The lettering indicates
identical drops, and their respective diameters, in order to clarify which drops are expanding and the magnitude
of that change. As can be observed, the diameters of the emulsion droplets expand under UV irradiation with
the largest droplets expanding up to 21%. Droplets at and below some critical size – here 162 μm – do not
appear to “expand”. Any substantial apparent size changes only occurred during the first hour of UV
exposure. The final five hours of a typical six hour total dose of UV irradiation did not significantly increase
the diameter further. In addition, none of the tested parameters resulted in changes sufficient to cause
emulsion destabilization.

Fig. 3.6 may lend insight into the mechanisms acting for emulsions with a continuous
phase at pH below IEP. The emulsion droplets, being o/w, float in the water solution and
are therefore in contact with the top of the glass cuvette. The observed “expansion” can be
readily explained in terms of the photoinduced hydrophilicity model. First, the emulsion
droplets are not actually expanding as the volume of oil in the emulsion droplets is constant.
Instead, this “expansion” is most likely due to a flattening caused by the effects of UV
irradiation on the TiO2 nanoparticles. The UV irradiation should result in the TiO2
increasing its wettability. Two effects are then possible to explain the observed “flattening”
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of the emulsion droplets against the cuvette surface. First, as the particles at the emulsion
interface become more wetting, then the particles should favor moving farther or entirely
into the water phase. The density of the droplet should decrease and the lower density
should push the emulsion droplets against the glass sufficiently to cause deformation. When
viewed through the microscope, this deformation appears as if the drop is expanding.
Second, as the TiO2 nanoparticles become more wetting, they are drawn both to the water
phase and to the hydrophilic glass against which they are pressed. As destabilization of the
emulsion droplets does not occur, the nanoparticles must still be irreversibly embedded in
the interface. Therefore, as the nanoparticles are attracted to the hydrophilic glass, the
interface is dragged along thus deforming the emulsion droplet resulting in a flattened
interface abutting the glass of the cuvette. Distinguishing between these two possible
sources of droplet deformation will be further explored in the discussion below.
A glass cuvette was then coated with dimethyl-dichlorosilane in order to make it
hydrophobic. The same experiment was repeated with the pH 3 emulsion as emulsions with
continuous phases at this pH were observed to undergo the greatest expansion. It was
found that emulsion drops no longer deformed under UV irradiation. This indicates that the
droplet expansion most likely is a manifestation of droplet deformation next to the glass
surface caused by photoinduced wetting changes. In addition, if the TiO2 had been entirely
removed from the oil/water droplet interface upon exposure to UV, it might be expected
that the oil droplet might wet the hydrocarbon soluble silane coated surface. Since this did
not occur, at least some TiO2 nanoparticles still reside at the oil/water interface.
Although there is evidence that the uncoated TiO2 nanoparticles are indeed
undergoing a change in their wetting properties under UV irradiation it is also evident that
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this property is not enough to cause emulsion destabilization. Next, experiments are
presented that explore how photocatalysis may be used to cause the desired emulsion
destabilization. To facilitate these experiments, hydrophobically coated TiO2 (NKT-90) is
utilized.

Pickering Emulsions using Hydrophobically Coated TiO2
Three oils – toluene, dodecane, and tetradecane - were combined with the water (pH
= 5.6) and acidic water (pH = 2.1) to create Pickering emulsions with hydrophobic NKT-90
acting as the stabilizer. All three oils resulted in w/o emulsions with mean diameters less
than 20 μm (Table 3.1). For all three oils, the emulsions created with the acidic water (pH =
2.1) resulted in photoreactive Pickering emulsions (Fig. 3.7) that destabilized with the water
inside the emulsion droplet wetting the glass surface on the order of minutes under UV
irradiation. Of the three oils used to create the photoreactive emulsions, the emulsions
created with toluene were the only ones to qualify as monodispersed171 by having a
uniformity factor (u) less than 25%. The uniformity factor can be determined using the
formula172:
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where d is the median size of the droplet diameter distribution, di are the diameters of the
individual particles, and Ni are the number of particles with the diameter di. The toluene
emulsions had a uniformity factor of 9.8% (Table 3.1).
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Figure 3.7 Diluted w/o Pickering emulsions with NKT-90 TiO2 as the emulsifying agent. Three different oils
were used (left to right): toluene, dodecane, tetradecane. To create a photoreactive emulsion, these oils were
emulsified with a pH 2.1 water solution. Under these conditions, toluene emulsions produce the smallest and
most uniform emulsions.

Oil

Mean Diameter (μm)

Polydispersity × 100
(%)

Toluene

3.5

9.8

Dodecane

13.6

84.4

Tetradecane 19.1

92.5

Table 3.1 Mean diameter and polydispersity of photoreactive w/o Pickering emulsions created using the listed
oils and NKT-90 TiO2.

The toluene/water emulsion was freeze dried under vacuum (lyophilized) and the
remaining solid was imaged by SEM. The SEM images showed that the lyophilized toluene
emulsion droplets had wall thicknesses of approximately 100 nm (Fig. 3.8). This
corresponds to a thickness of 3 to 4 particles of NKT-90 TiO2. Assuming a thickness of 4
TiO2 layers on a 3.5 μm emulsion droplet, and assuming bulk TiO2 density (4.23 g/cm3) for
each nanoparticle, a quick calculation shows that the mass of the outer TiO2 layer is
approximately the same as the mass of the water inside the droplet.
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Figure 3.8 SEM image of a single toluene-water w/o Pickering emulsion droplet. Wall thickness of the
droplets was about 100 nm. This corresponds to a thickness of 3 to 4 particles of NKT-90 TiO2.

A small aliquot of the emulsion layer was removed, diluted with toluene, and placed
in a glass cuvette for further analysis. The dilution allowed one layer of emulsion droplets to
be easily imaged. Because the TiO2 coated water droplets were heavier than the oil, they
rested on the bottom glass surface. Experiments on these diluted emulsions proceeded by
irradiating the emulsions with UV with a path length of 1 cm through air and 1 mm through
optical glass. Under UV, the emulsion water droplets were found to suddenly adsorb onto
the hydrophilic glass surface within three minutes for the toluene and dodecane emulsions
and within 10 minutes for the tetradecane emulsions. Only 10% of the toluene emulsion
droplets remained stable within 10 minutes whereas the tetradecane emulsion droplets took
20 minutes to be equally depopulated (Fig. 3.9). Further tests had the emulsions sit under
ambient light and intense visible light for 1 hour without any destabilization occurring only
to adsorb within minutes upon being exposed to UV (Fig. 3.10).
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Figure 3.9 Percentage of NKT-90 emulsion particles remaining vs. time under UV irradiation for three
different oils with a pH = 2.1 water solution. Solid line at 100% remaining represents the emulsions under
ambient and intense visible light as well as emulsions made without lowering the pH during emulsion creation.
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Figure 3.10 Optical microscope (top view) image of a diluted w/o toluene Pickering emulsion irradiation
sequence. (a) Before irradiation begins (b) After 30 minutes of LED Vis irradiation (c) 3 minutes of UV
irradiation; emulsion breaking has begun (d) 7 minutes of UV irradiation; all visible emulsion droplets have
destabilized.

The kinetics of the destabilization was also studied. A group of emulsion droplets
(~100 droplets) was irradiated with UV light long enough to cause only two emulsion
droplets to wet the solid surface (~3 minutes). The UV source was then extinguished. The
emulsion droplets continued to destabilize after the UV source was extinguished. However,
the pace of destabilization was much longer than with continuous UV irradiation and ceased
to occur at all after an hour (Fig. 3.11) when more than 50% of the emulsion remained. This
leads to the belief that the emulsion breaking after the UV source was extinguished is due to
the destabilization caused by the UV source before shut off. This allows the exclusion of
other causes of destabilization such as a thin layer of water on the glass slide inducing
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destabilization via capillary forces. Indeed, during this experiment, emulsion droplets
remained intact despite being surrounded by the water of previously destabilized emulsion
droplets that had disintegrated nearby.

Figure 3.11 UV irradiation hits the emulsion only long enough to begin emulsion breaking after which the UV
source is extinguished. The figure shows that emulsion breaking soon ceases after this initial destabilization.
This indicates that it is the UV irradiation rather than a thin film of water that is the cause of the emulsion
breaking.

As the TiO2 leaves the oil/water interface and moves into the water phase, the oil
droplet becomes exposed to the water. If the driving force of destabilization is the
hydrophobic force, then the surface energy of the surface upon which the emulsion droplets
rest should affect the results. In order to examine the influence of the surface energy of the
solid surface, the glass cuvettes were hydrophobically coated and single layers of the
photoactive emulsion droplets were placed upon the coated surface and irradiated with UV.
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By contrast to the results obtained for hydrophilic glass, emulsions droplets resting on the
hydrophobic surface did not destabilize even after 120 minutes of continuous UV
irradiation. Because the solution had been diluted, the emulsion droplets were not touching
each other and therefore no coalescence occurred.
Resting the droplets on a hydrophobic surface also allowed examination of their
coalescence rate. With the glass surface now unfavorable for adsorption, emulsion
destabilization occurs by coalescence under UV irradiation. To test the rate of coalescence,
30 μL of emulsion droplets were allowed to settle to the bottom of a hydrophobized 0.35
mL glass cuvette. This allowed many layers of emulsion droplets to be in contact with each
other. Tipping the cuvette slightly on its side allowed different layers to be exposed to
imaging. Coalescence between the emulsion droplets began within 29 minutes beginning
with the smallest emulsion droplets.

Discussion
Stable o/w Pickering emulsions have been successfully created using uncoated
anatase and P25 TiO2 nanoparticles as the solid particle emulsifier. These emulsions did not
become destabilized under UV irradiation. This negative result is unexpected in light of the
thoroughly investigated ability of TiO2 to undergo a conversion to complete wetting in air
under such irradiation and the property of Pickering emulsions – once formed - to become
unstable if the solid particles at the interface of the emulsion have a contact angle below
~20o. It is also observed in the sessile drop and uncoated TiO2 Pickering emulsion
experiments that if the water solution has a pH below the isoelectric point (IEP) of TiO2
that the TiO2 nanoparticles appeared to become more hydrophilic. However, the simplified
equation used to quantify the energy necessary to remove a particle at an oil-water interface
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(eqn. 15) indicates that a particle with a contact angle of 0o should result in that particle being
drawn from the emulsion interface into the water phase thereby destabilizing the emulsion.
Utilizing more detailed equations that incorporate the curvature of the emulsion droplet and
further refinements using elements like line tension also do not seem to indicate a way to
explain the continuing stability of these emulsions if, indeed, the TiO2 nanoparticles at the
interface are transitioning to a state of complete wetting as expected under UV irradiation.
One explanation is that some or all of the TiO2 nanoparticles remain at the interface, or, that
the TiO2 did not reach a state of complete wetting, as is discussed below. More experiments
are needed, particularly sessile drop experiments in oil, to determine if the nanoparticle TiO2
surfaces become completely wetting under the given experimental conditions or not.
For example, another potential explanation for the observed behavior of uncoated
TiO2 under UV irradiation is to use the ideas of Beattie et al.173 whereby the nanoparticles
may have undergone the expected wetting transition and moved into the aqueous phase but
that the oil droplets are charge stabilized by the adsorption of hydroxide ions at the
oil/water interface. This model has been used to explain why surfactant-free, salt-free o/w
emulsions have been shown to be stable for hours. However, given that the toluene of the
emulsion droplets did not wet the glass surfaces coated with a toluene soluble silane, it may
be that even with the described phenomena acting there must still remain a particle layer
with a finite contact angle interfering with contact between the toluene and coated glass.
Still, if some nanoparticles are indeed being drawn into the aqueous phase and leave the
interface as they do undergo the expected transition to complete wetting, then the overall
weight of the oil emulsion droplet will decrease while still displacing the same volume of
water. The overall effect will be to cause the buoyant force to act to push the droplet up
against the glass without the same magnitude from the gravitational force counteracting this
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upward force. As a result, the droplet would appear to be deformed – as observed here – as
it pressed by the buoyant force against the top of the glass cuvette. However, the
experiments with the silane coated glass may also contradict this mechanism as the main
source of action as no deformation was observed when the glass was so coated. If the
dominance of the buoyant force had been the main source of droplet deformation, then
such deformation would also have been observed with the silane coating. Still, an increase in
sedimentation at the bottom of the cuvette was not fully quantified so some of the TiO2
nanoparticles may have indeed undergone a wetting conversion and been pulled away from
the interface.
Immersing TiO2 into an electrolyte solution can have a pronounced effect on the
overall behavior of the features stimulated under UV irradiation such as photocatalysis and
photoinduced hydrophilicity (PIH). The pH of the solution is especially significant. The pH
will help determine the concentration and sign of the charge that resides at the interface
populated with TiO2 nanoparticles. The IEP is the pH at which the net charge on a surface
is zero. The surface will gain a negative charge above the IEP and a positive charge below it.
A direct consequence of this behavior is that the surface energy of the particles at the
interface – and therefore the contact angle – will be different under different pH values.
Water contact angles on TiO2 surfaces have been found to reach their maximum at
the isoelectric point, but then symmetrically decrease at lower and higher pH values11,166 (Fig.
3.12). This property may explain the observed stability of the o/w emulsions with pH values
near the IEP as manifestation of the TiO2 nanoparticles – while still being hydrophilic –
having higher contact angles. As previously explained (Chapter 1.4), the closer the contact
angle of a Pickering particle is to 90o the more stable the Pickering emulsion.
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Figure 3.12 (A) Static advancing and receding contact angles of a titania surface partially coated with
octadecyltrihydrosilane at different pH values. (B) The corresponding zeta potential values (Puah et al.11 ©
2010 Langmuir). The maximum contact angle for pH values at IEP and the symmetry around that point are
typical of solid surfaces in an electrolyte solution166.

By itself, pH induced contact angle change does not explain why emulsions with a
continuous phase pH well above the IEP were observed to be almost completely unaffected
by UV irradiation whereas those with a pH well below the IEP did seem to manifest a
change in their wettability; albeit not one sufficient to cause complete destabilization. To
attempt to understand this differing behavior requires one to look to the differing effects of
how the charge type may hinder or help PIH.
An observation from an experiment performed early in the debate (Chapter 1.2)
around the mechanism that causes PIH46 may lend insight into the results observed here.
Sakai et al. found that exposing electrolyte immersed TiO2 electrodes to positive potentials
enhanced PIH whereas negative potentials reduced and then completely suppressed PIH
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activity. Thus, Pickering emulsions with a continuous phase at a pH above the isoelectric
point – and therefore possessing a negative charge – do not become more wetting because
the negative charge at the TiO2 interface is sufficient to block the PIH mechanism that
would cause them to do so.
Applying this same mechanism partially explains why the emulsions with a
continuous phase pH below the IEP undergo a wetting change. However, this mechanism
also appears to make it more difficult to understand why the particles do not reach a state of
complete wetting. Specifically, if the negative charge from the electrolyte suppresses PIH
when the pH is above the isoelectric point, then the PIH phenomena should also be
enhanced by the positive charge from the electrolyte when the pH is below the isoelectric
point. If the mechanism Sakai et al.46 posit is working for the TiO2 at the interface, then
attaining a state of complete wetting should be easier. One approach may be that the
observed wettability changes are, indeed, a manifestation of this mechanism and that other
factors unique to the environment of the interface of the emulsion droplet are hindering the
conversion to complete wettability. For example, emulsions with the pH of the continuous
phase at 2 were unstable. It may simply be that these lower values pH would be sufficient to
cause complete wetting.
In fact, other experiments have demonstrated the same inability of TiO2
nanoparticles to reach a state of complete wetting despite high doses of UV irradiation. In
this experiment, Holdich et al.104 created TiO2 Pickering emulsions with uncoated TiO2
nanoparticles and a continuous phase with a low pH using a variety of oils and salts for the
purposes of creating efficient, floating, and easily recyclable droplets that could clean
aqueous solutions by photocatalytically destroying contaminants. However, other than some
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slight sedimentation – which may also be acting here - the authors did not report emulsion
destabilization. This may indicate that destabilization simply did not occur. Therefore, this
may be an independent example of an uncoated TiO2 Pickering emulsion prepared in a
manner different from the process used here where TiO2 failed to reach a state of complete
wetting under UV irradiation.
A potential explanation may be found in the same paper by Sakai et al. In addition
to demonstrating how the potential of the TiO2 interface affects the efficiency of PIH, the
authors also analyze the role of hole scavengers in suppressing PIH altogether. In context,
the same group of experimentalists responsible for this experiment were the initial
proponents of the idea that the mechanism behind PIH is photoactivated hole reduction.
To briefly reiterate, the photoactivated holes not used for photocatalytic processes either
attack the Ti-O bonds directly, break them, and create two Ti-OH species where there was
only one or these holes directly oxidize the bridging oxygen. In either case the density of
OH groups increases thereby increasing the surface energy. Thus, under this mechanism
removing holes before they can create an environment conducive to hydroxyl densification
would be an effective method for suppressing PIH. Several experiments were performed
that seemed to confirm that the presence of a hole scavenger would be sufficient to suppress
PIH45.
Applying the hole scavenging mechanism here, the UV irradiation causes the
photocatalytic breakdown of toluene near the interface. This process produces various
products from the breakdown of toluene such as benzene formed by removing the CH3
group attached to the phenyl group. Eventually local sources of oxygen are used up or are
unable to cross the interface to induce further catalytic breakdown. At this point, if the
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mechanism proposed by Sakai et al.45 is followed then the holes that were being used to
perform various photocatalytic processes (eqns. 9-14) are now free to participate in PIH.
Unfortunately, the small organic molecules such as the created benzene can act as efficient
hole scavengers174. Therefore, PIH can briefly proceed before being delayed and then
stopped due to the increasing presence of hole scavengers. This would parallel the results
observed here in which the low pH emulsions increased their hydrophilicity only during the
first hour of UV irradiation after which no further expansion of the emulsion droplets was
observed (Fig. 3.3).
As also covered previously (Chapter 1.2), there is a second popular explanation for
PIH: photocatalytic breakdown of the contamination layer on TiO2. This mechanism can
also be utilized to explain the observed effects when combined with the idea of a “Janus”
particle. A Janus particle is a particle with two “heads” or regions on the same particle. One
region is hydrophilic and the other is hydrophobic. Such particles have been shown to
create very stable Pickering emulsions92. Thus, the decontamination mechanism would have
the UV irradiation inducing photocatalytic activity on the side of the nanoparticle facing the
light which is also the side exposed to the water solution with its abundance of components
helpful in promoting photoactivity (Chapter 1.2). As previously explained, even the briefest
exposure to atmosphere will cause the high energy metal oxide surface to become
contaminated and thus acquire a non-zero contact angle. The photocatalytic activity will
simply destroy this contamination layer making the water-facing part of the nanoparticle
more hydrophilic. The observed deformation of the emulsion droplet is, again, a result of
the stronger attraction of the hydrophilic nanoparticles to the glass as the particle becomes
more hydrophilic. However, the part of the particles not exposed to UV irradiation within
the oil phase do not become more hydrophilic due to both the screening by the water-facing
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side of the particle and the continuous exposure to the carbon-based oil phase. Janus
particles are often created so that one region has a contact angle below 90o and one above.
Here, instead of each region having wetting characteristics above and below 90o, there are
two hydrophilic regions with one much more hydrophilic than the other. The result would
be that the particle would still be stabilized at the interface due to this energy difference.
Thus, the continued stabilization is due to the screening of the interface itself.
There are other potential mechanisms that could be utilized to explain the observed
expanding, but not destabilizing emulsions. These would involve examining if the charged
species in the electric double layer near the interface increase or inhibit PIH or how water
reorients in the presence of the same72,175. However, as the two dominant explanations for
PIH have shown the possibility of explaining the experimental results and, without further
experimentation, suppositions along these lines are unnecessary even if their pursuit is
tantalizing.
Other experiments were performed to see whether the photocatalytic properties of
TiO2 by themselves would be sufficient to induce destabilization. It was found that Pickering
emulsions using hydrophobically modified TiO2 nanoparticles as the solid particle emulsifier
could be created. These emulsions are stable for months but can be destabilized to the point
of breaking apart within minutes under UV irradiation.
It is posited that the mechanism behind this destabilization is tied to the factors that
make Pickering emulsions so stable in the first place. The NKT-90 TiO2 is manufactured to
provide high charge stability to toners and is created to have a weak negative electrostatic
charge in air to accomplish this stability176. Therefore, lowering the pH of the water solution
should increase the wettability of the particles. This was observed for sessile drops on a
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NKT-90 bed wherein the acidic water sessile drops had a contact angle ~20o below that of
the pure water sessile drops (Fig. 3.5). In increasing the wettability of the NKT-90 in
solution, the contact angle is closer to 90o so that a stable Pickering emulsion is formed. The
experiments on the uncoated TiO2 also indicate that lowering the pH should also increase
the ability of the TiO2 nanoparticles to become more wetting under UV irradiation. The
emulsions formed with the lower pH water solution were w/o emulsions indicating that the
particles have remained hydrophobic99.
TiO2 that has been hydrophobically coated and patterned or roughened to the degree
that it is considered “superhydrophobic” (θ > 160o) has previously been observed to
transition to a state of complete wetting under UV irradiation177. In the cited situation, the
hydrophobic coating underwent gradual photocatalytic decomposition until the bare TiO2
was exposed after which the TiO2 quickly transitioned to complete wetting. This suggests
that the hydrophobically coated TiO2 nanoparticles in the emulsions presented here undergo
a similar process enabling emulsion destabilization by the following process.
When a sufficient amount of UV irradiation has been absorbed, the photocatalytic
process begins to destroy the hydrophobic coating of the NKT-90 particles. When enough
of the coating has been destroyed, the uncoated, hydrophilic TiO2 nanoparticle is exposed
and is repelled away from the oil of the continuous phase and drawn into the water phase.
This repulsion is due to the inability of the now uncoated particle to simply replace itself at
the interface. That is, even though the results above show that uncoated, hydrophilic TiO2
has a sufficiently high contact angle to form an emulsion, when the hydrophobic layer is
destroyed the formation of what is essentially a new solid stabilized interface would still
require the added energy of the emulsion creation process itself178 to cause re-emulsification.
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Since that energy is not supplied to cause this interface insertion of the nanoparticles, the
water phase absorbs the hydrophilic TiO2.
Further evidence that the observed destabilization is dominated by photocatalytic
activity can be observed from the experiments with the sessile drops on a packed surface of
NKT-90 (Fig. 3.4). When the wetting transition occurs, it occurs rapidly. This same effect
was also observed for a thin layer (~1 μm) of hydrophobic TiO2 formed by the evaporation
of a solution of NKT-90 (See Chapter 4). Observing the graphs of contact angle change due
to PIH in the literature and the experiments in this manuscript (See Chapter 2) shows PIH
transitions are usually gradual. The suddenness of the transition for our sessile drops –
mirrored by the sudden destruction of our emulsion droplets (Fig 3.4) – indicates that PIH
may not be the main active mechanism causing destabilization. Coupled with the general
inability of uncoated TiO2 emulsions to undergo destabilization even after hours of UV
exposure, it seems that the rapid photocatalytic breakdown of the hydrophobic coating is the
main mechanism behind the observed destabilization.
When enough TiO2 nanoparticles are drawn from interface, the water interface of
the emulsion droplet is now exposed to the hydrophilic glass upon which is rests. The result
is a destabilization of the drop and a rapid wetting of the glass that appears as if the in situ
emulsion is ‘bursting’ upon sufficient UV exposure. This is bolstered by the additional
experiments where the glass upon which the emulsion droplets rested was made
hydrophobic. These experiments showed that the absence of a hydrophilic surface with
which to adhere resulted in an emulsion that only slowly coalesced under UV irradiation if
the droplets were closely packed.
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Figure 3.13 (a) UV light hits the TiO2 particles on the shell of the emulsion droplet through glass (b) After a
few minutes, this irradiation photocatalytically destroys the hydrophobic coating leaving uncoated TiO 2 near
the interface. Being hydrophilic, the TiO2 nanoparticles are drawn into the water phase allowing the water
inside the emulsion droplet to come into contact with the hydrophilic surface and rapidly spread, breaking the
emulsion.

Conclusion
This chapter tested the conditions under which TiO2 nanoparticles can act as the
emulsifying agent for solid particle emulsions and further act as the agent necessary to cause
such emulsions to become destabilized under UV irradiation. Uncoated anatase and P25
TiO2 were utilized to create stable Pickering emulsions. Uncoated TiO2 is naturally
hydrophilic and therefore the emulsions created were oil-in-water (o/w) emulsions when the
pH of the continuous water phase was varied incrementally between values of 2 to 12. The
emulsions with pH 2 and 12 were unstable, but the other nine emulsions were stable more
than a month after their creation. None of these emulsions could be induced to destabilize
even after hours of intense UV irradiation. It was found that emulsions with continuous
phase pH values at and above the isoelectric point – pH = 6.2 – of nanoparticle TiO2 did
not change at all under UV irradiation but those with a continuous phase pH below the

93

isoelectric point did appear to become more wettable as evidenced by their greater attraction
to hydrophilic glass and/or greater buoyancy.
A series of Pickering emulsions were created with hydrophobically coated TiO2 that
are stable under ambient conditions for longer than 6 months. These emulsions can be
destabilized on a hydrophilic surface in a matter of minutes under UV irradiation. It was
posited that the cause of this destabilization is due to the TiO2 becoming photocatalytically
active under UV irradiation. This photocatalytic activity rapidly breaks down the
hydrophobic coating thereby exposing the uncoated, naturally hydrophilic TiO2 surface. The
hydrophilic particle is then rapidly drawn into the water phase. When enough particles have
been drawn from the interface, the water at the interface of the emulsion drop contacts the
hydrophilic glass upon which it rests and rapidly wets the glass. The overall effect is to have
the destabilized emulsions appear to burst from their droplet forms in a sudden manner.
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Wetting of TiO2 Surfaces under Near-Infrared Light
Incorporating Upconversion Nanoparticles
Introduction
In Chapter 3, the property of photoinduced hydrophilicity (PIH) of TiO2 stimulated
by ultraviolet light was used to cause emulsion destabilization. It was found that changing
the wetting properties of uncoated TiO2 was insufficient to attain the desired destabilization.
However, the photocatalytic properties of hydrophobic TiO2 under UV irradiation were
successfully utilized to induce emulsion destabilization. In Chapter 2, it was shown that
reducing TiO2 extended the range of wavelengths that will cause TiO2 to manifest increased
wetting to include visible light wavelengths. Here, another material is used – upconversion
nanoparticles (UCNP) – and combined with TiO2 nanoparticles in order to examine if the
responsiveness of TiO2 can be further extended to change its wetting properties by
stimulation with wavelengths in the near-infrared (NIR) range. In doing so, this thesis will
have demonstrated the ability to control the wetting properties of a material using
electromagnetic frequencies across almost the entire range of solar frequencies that reach the
surface of the earth.
Photon upconversion refers to a process whereby two or more photons are
absorbed by a material and then emit one photon at a shorter wavelength than the excitation
wavelength. This anti-Stokes type emission generally involves rare-earth, actinide, or
transition-metal ion doped crystalline materials. Note that the process is often a two or
three ion process, whereby two or more photons are absorbed by one ion (a sensitizer)
which then donates that energy to another ion (an activator in a two ion system or secondary
sensitizer in a three ion system) which also gets excited and then either emits the photon in a
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two ion system or, in a three ion system, passes along the energy to the activator ion which
then emits the photon. Lanthanide-doped nanomaterials are often used for upconversion
processes117.
The goal of this work was to further extend the photocatalytic effect of TiO2 into the
near IR (NIR) range (wavelengths 700 nm to 2500 nm). Because TiO2 is photocatalytic in
the UV range, upconversion nanoparticles were used which would absorb light in the IR
range and then emit light in the UV range. That energy would then be available to be
absorbed by TiO2. The final goal was to create a Pickering emulsion similar to the emulsions
in Chapter 3, but with UCNP included in sufficient quantities such that destabilization
would occur under NIR light.
These measurements lay the groundwork for future studies. The ultimate goal will
be to create a Pickering emulsion with UCNP and TiO2 nanoparticles at the oil/water
interface such that destabilization would occur under NIR light. Since water strongly
absorbs light at wavelengths greater than 900 nm, two different lasers were used: 808 nm
and 980 nm. The absorption of 980 wavelengths by water would cause heating of the water
in the emulsion. Using 808 nm irradiation avoids this issue as 808 nm is not well absorbed
by water (Fig. 4.1). Indeed, water thus irradiated has been shown to maintain its temperature
even under long exposure179,180.
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Figure 4.1 Water absorption coefficient vs. wavelength of irradiating light. Note that the absorption coefficient
at 980 nm is significantly higher than the absorption coefficient at 808 nm. (Zhan et al. 179 © 2011 American
Chemical Society).

NaYF4:Yb,Tm,Nd@NaYF4:Y,Nd UCNP were synthesized by David Raciti of
Professor Chao Wang’s research group of the Chemical and Biomolecular Engineering
Department in the Johns Hopkins University Whiting School of Engineering (Fig. 4.2). Mr.
Raciti also conducted the XRD, EDAX, and the initial TEM analysis of the synthesized
UCNP. The UCNP synthesis procedure followed a previously published paper181. The
NaYF4 host crystal structure was chosen as it is widely used in UCNP experiments and has
been repeatedly shown to efficiently upconvert NIR radiation to a wide range of higher
energy frequencies - including the UV wavelengths desired here – when the correct dopants
and doping ratios are used115. A core-shell particle structure was chosen as such structures
have been shown to upconvert more efficiently than single layer structures by suppressing
surface quenching180.
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Figure 4.2 The composition of the final NaYF4:Yb,Tm,Nd@NaYF4:Y,Nd core-shell UCNP synthesized for
this experiment with the ratios of the dopants in the core and shell shown below the chemical composition for
each part. The NaYF4:Yb,Tm,Nd core has an average diameter ~26 nm and the NaYF4:Y,Nd shell adds ~12
nm. Synthesis and characterization details are given below.

Two types of measurements were conducted to assess the overall performance of a
mixed TiO2/UCNP system. In one measurement, a TiO2/UCNP surface was made by
coating a surface with the nanoparticle mixture. Water contact angle measurements were
measured on the surfaces in air before and after exposure to NIR radiation. In the other set
of measurements, UCNPs were dispersed in hexane and the emission after NIR exposure
measured. These initial experiments on the upconversion in hexane were measured with the
goal of understanding the first step in how these materials might react in an oil/water
emulsion.
One caveat to these measurements is that the UCNP are hydrophobic129 and those
surface properties are not expected to change under IR irradiation. Sessile drop
measurements for the synthesized UCNP indeed show a hydrophobic contact angle of 123o
using the same contact angle evaluation methods described in the experimental section
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below and remained near this value after both UV and IR irradiation. This contact angle –
being below 160o (Chapter 1.5) – UCNP should be able to remain at the interface of a stable
emulsion. Therefore, the IR irradiation and any residual UV irradiation from neighboring
UCNP will only change the wetting properties of the TiO2 and not the wetting properties of
the UCNP. Any UCNP residing at the surface, either in a TiO2/UCNP surface in air or a
TiO2/UCNP emulsion, will be expected to remain at the surface.
Pickering emulsions have been shown to remain stable even with a particle coverage
as low as 5%182,183. Given this and the hydrophobicity of UCNP, even if all of the
hydrophobic TiO2 nanoparticles convert to hydrophilic TiO2 and leave the interface, having
too high of a percentage of UCNP remaining at the interface could impede emulsion
destabilization. Therefore, the TiO2/UCNP macroscopic surfaces composed of a
compressed mixture of hydrophobic TiO2 nanoparticles and UCNP reported below only
contain a small percentage of UCNP. In fact, these compressed particle surfaces were only
created to get an estimate of the NIR irradiation time necessary to cause wetting changes in a
fashion similar to macroscopic experiments on compressed hydrophobically coated TiO2
reported in Chapter 3.
The results of the contact angles of water drops on packed UCNP/TiO2 beds
showed a slight 10o-12° decrease in contact angle after 1 hour irradiation time with both 808
nm and 980 nm radiation. This small effect would not likely allow for the creation of a NIRresponsive Pickering emulsion. However, the wetting properties of these macroscopic
surfaces did change sufficiently to be attributable to an effect or effects other than error.
Thus, this chapter reports the results of wetting changes of a UCNP/TiO2 system under
NIR irradiation.

99

Experimental Methods
Aeroxide NKT-90 TiO2 is a hydrophobic, fumed titanium dioxide composed of 71%
anatase phase TiO2 and the balance is rutile made hydrophobic by reacting with
trimethoxy(2-methylpropyl)-silane. The average particle size is 30 nm. It was obtained from
Evonik Industries (Parsippany, NJ, USA) and used as received.
Glass slides used were American Educational Glass Single-Cavity microscope slides.
The cavity was rounded with a maximum depth of 0.1 mm. Glass slides were cleaned by
rinsing in sequence with acetone, ethanol, isopropanol, 50% Sodium hydroxide in water
solution, and two Milli-Q (17.8 MΩ, EMD Millipore, Billerica, MA, USA) water washes.
The sessile drops were a solution of Milli-Q water and sufficient HCl (Fisher, 37.4%)
to attain a pH of 2.11 in order to match the pH of previous experiments (See Chapter 3).
Drops were imaged with a Celestron 5.0 MP USB Digital Microscope Pro. Contact angle
values of these macroscopic drops were quantified by analyzing the images with
Dropsnake133 contact angle processing software.
The core-shell NaYF4:Yb,Tm,Nd@NaYF4:Y,Nd UCNP were created following the
oleate-based synthesis of Wang et al.106. The specific percentages of Yb, Nd, and Tm chosen
for the core follow previous experiments in which the specified percentages produced
UCNP that strongly emitted 347 nm UV light. Following the specified synthesis has
produced efficient UV emitting UCNP wherein the dopants replace 32% of the yttrium
atoms at a ratio of 30:1.5:0.5 for Yb, Nd, and Tm respectively181. The atomic percentages of
the dopant atoms relative to each other by this synthesis were 93.75%, 4.69%, and 1.56% for
Yb, Nd, and Tm respectively. Yttrium(III) acetate hydrate (Y(CH3CO2)3 • xH2O, 99.9%),
ytterbium(III) acetate hydrate (Yb(CH3CO2)3 • 4H2O, 99.9%), thulium acetate hydrate
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(Tm(CH3CO2)3 • xH2O, 99.9%), neodymium(III) acetate hydrate (Nd(CH3CO2)3•xH2O,
99.9%), sodium hydroxide (NaOH, >98%), ammonium fluoride (NH4F, >98%), 1octadecene (90%), oleic acid (90%), methanol (99.9%) and hexane (99.9%) were all
purchased from Sigma Aldrich (St. Louis, MO, USA) and used as received.
The NaYF4:Yb,Tm,Nd cores were created by forming an aqueous solution
composed of 68% Y(CH3CO2)3, 30% Yb(CH3CO2)3, 0.5% Tm(CH3CO2)3, 1.5%
Nd(CH3CO2)3, and 2 mL H2O. 2 mL of the aqueous solution were added to 3 mL of oleic
acid and the mixture heated at 150oC for 30 minutes to remove the water. Then 7 mL of 1octadecene was added and the mixture was heated at 150oC for 60 minutes before being
brought down to 50oC. 6 mL of a methanol solution containing NH4F (4 mL, 1.6 mmol)
and NaOH (2 mL, 1 mmol) were added and the solution stirred for one hour before being
heated at 100oC for 30 minutes to evaporate the methanol. The solution was then placed
into an argon atmosphere and heated at 290oC for 90 minutes before being allowed to cool
to room temperature. Ethanol was used to precipitate the particles which were then
centrifuged at 6000 rpm for 10 minutes before being collected and washed with ethanol
many times. The particles were then collected, dried, and weighed. Typical yields were
about 80 mg per batch. The particles were then re-suspended in 4 mL of hexane.
The NaYF4:Y,Nd shells were added to NaYF4:Yb,Tm,Nd by first creating an
aqueous solution of 80% Y(CH3CO2)3 and 20% Nd(CH3CO2)3 and 2 mL H2O. The specific
4:1 ratio of Y:Nd for the shell follow previous experiments in which the specified
percentages produced core-shell UCNP that more efficiently upconverted NIR irradiation to
347 nm UV light181. 2 mL of the aqueous solution were added to 3 mL of oleic acid and
heated at 150oC for 30 minutes to remove the water. Then 7 mL of 1-octadecene was added
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and the mixture heated at 150oC for 30 minutes before being cooled to 50oC. The core
NaYF4:Yb,Tm,Nd nanoparticles suspended in a solution of 4 mL of hexane were then
added. 6 mL of a methanol solution containing NH4F (4 mL, 1.6 mmol) and NaOH (2 mL,
1 mmol) were added and the solution stirred at 50oC for 30 minutes. The temperature was
then raised to 100oC for 30 minutes to evaporate the methanol and then the solution placed
in an argon atmosphere. The temperature of the solution was then raised to 290oC for 90
minutes before being allowed to cool to room temperature. Ethanol was used to precipitate
the particles which were then centrifuged at 6000 rpm for 10 minutes before being collected
and washed with ethanol many times. The particles were then collected and re-suspended in
hexane.
The light source used to stimulate the UCNP were 980 nm and 808 nm 1 W lasers
both purchased from Jet Lasers Photonics (Dushucun, Baqiao District, Xi'an, Shaanxi
Province, China) and their output and frequency confirmed by the manufacturer before
shipping. Their output power was confirmed by Laser Safety Officer/Safety Advocate Niel
Leon of the Johns Hopkins Whiting School of Engineering with a Synrad Power WizardTM
power meter (Synrad, Mukilteo, WA, USA). Beam size was 3 mm for an intensity of 3.33
W
cm

2

. The power source was one 18650/26650 rechargeable lithium battery with a reliable

output lifetime of 90 minutes per charge. However, no experiment went beyond 60 minutes
before the batteries were recharged to prevent diminishment in intensity. The lasers were
enclosed in a custom built safety enclosure with a slot to slide in the samples designed with
the help of Mr. Leon. The slot was sized such that the UCNP/TiO2 layer on the glass
slidewas centrally irradiated by the laser beam (Fig. 4.3).
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Figure 4.3 Custom laser enclosure designed with the help of Niel Leon. The lasers were inserted at the top and
a single-cavity glass microscope slide with a thin layer of UCNP/TiO 2 filling the cavity was inserted through
the pictured slot such that the center of the UCNP/TiO 2 layer was would be illuminated by the laser.

The experiment proceeded by sonicating a 0.6 wt % solution containing
UCNP/TiO2 material (the ratios were varied) and hexane for one hour. A 40 mL drop of
each solution was placed on a clean a single-cavity glass slide. 40 mL was chosen as this
volume completely filled the cavity without overflow. Each 40 mL drop drawn from the
homogenized solution was calculated to contain approximately 150 mg of UCNP/TiO2
material at the various ratios. When dried, given the weight and size of the UCNP and TiO2
particles, a layer of nanoparticles 1-2 μm thick should completely coat the cavity of the slide
and be thicker near the center. The drying process involved placing the slides in a vacuum
chamber for at least 24 hours. Each slide remained in the vacuum chamber until being used
for the experiment. Each slide was only used for one experiment before being set aside.
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Four UCNP/TiO2 solutions were created containing 0%, 1%, 5%, and 10% UCNP by
weight.
A 10 μL drop of water was then placed on the center of the dry layer and imaged.
This was repeated two more times. Given the high hydrophobicity of the surface, the drop
was simply rolled off after imaging and the surface placed in the vacuum chamber for one
hour for drying before being put into the laser enclosure. The layer was irradiated by a laser
for 30 minutes before being removed from the laser enclosure. Another series of three
drops was imaged. The laser irradiation was repeated for another 30 minutes. In total, each
surface was irradiated for a total of 60 minutes. Both the 808 nm and 980 nm lasers were
used to irradiate separate series of the four UCNP/TiO2 mixtures.
A small amount of the UCNP were placed on conducting adhesive tape and placed
in the SEM ( JEOL JSM-6700F Field Emission Scanning Electron Microscope). The SEM
was equipped with an EDAX microanalysis system (JEOL USA, Peabody, MA, USA). The
EDAX data was then further analyzed using the open-source HyperSpy184 multi-dimensional
data analysis library in a Python 2.7 environment.
X-ray diffraction (XRD) scans were performed with PANalytical X’Pert Powder3 Xray diffractometer with an Empyrean Cu LFF X-ray tube (PANalytical, Eindhoven,
Netherlands) using a Cu Kα X-ray (8020.7 eV) at 45 kV and a current of 40 mA with a
PIXcel-3D detector used over a 2θ range of 10o to 80o. XRD spectra were processed with
commercially available software (PANalytical Data Collector) and diffraction spectra were
matched using MDI Jade+ software.
Low resolution transmission electron microscopy (TEM) images were collected on a
FEI Tecnai 12 TWIN microscope (120 kV) (FEI Company, Hillsboro, OR, USA).
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The NIR stimulated emission spectrums were gathered using a Model ATF
Differential/Ratio Spectrofluorometer from Aviv Biomedical Inc (AVIV Biomedical Inc.,
NJ, USA) with the help of Dr. Katherine Tripp of the Center from Molecular Biophysics at
Johns Hopkins University. A PMT HV Setpoint value of 541.95 was autoset to 80.0% to
give a raw PMT signal of 0.3931 and a QC HV Setpoint value of 303.02 was autoset to 1.00
to give a QC signal of 0.9353. The device uses a monochromator to select the desired
spectrum range and emission spectrums were gathered from 200 nm to 420 nm using 980
nm and 808 nm excitation sources on a UCNP suspension in hexane with pure hexane used
as a baseline.

Results
XRD of the core shell UCNP indicated that our crystal structure was similar to that
of previous experiments that utilized the same UCNP composition to successfully induce
photocatalytic activity in a mixed UCNP/TiO2 system181 (Fig. 4.4). These previous
experiments were only concerned with improving photocatalytic efficiency under NIR
stimulation and did not investigate wetting or changes in wetting. In fact, the mixed
composition used here was only tested in these previous experiments in order to investigate
any improvements that occurred when the core-shell UCNP were further coated with TiO2
over a mixed system of core-shell UCNP and TiO2. All the necessary peaks were present to
indicate well-crystallized β-NaYF4 structure as indicated by comparison to the peaks in
standard shown at the bottom of Fig. 4.3 (JCPDS no. 16-0334). In addition, the peaks
characteristic to the less efficient cubic α-NaYF4 (JCPDS No. 04-0432, not shown) are not
visible indicating that only the more efficient hexagonal, β structure is present116. The XRD
pattern of lanthanide doped β-NaYF4 – such as with Tm, Yb, Nd here - has been found to
reproduce the XRD pattern of undoped β-NaYF4 as the lanthanides replace the Y3+ without
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deforming the crystal lattice due to similarity in the radii of the dopants and Y3+ 185.
Differences in heights of some of the peaks may be due to different experimental setups,
variation in particle size, or orientation of crystal faces during the XRD process.

Figure 4.4 The top row are the XRD results for UCNP produced for the experiments presented here. The
bottom row has the XRD results for a previous experiment (top dark line) that utilized similar manufacturing
steps (Liu et al.186 ©2013 American Chemical Society) and also the XRD standard for β-NaYF4 (JCPDS No.
16-0334) for comparison of peak distribution (lower vertical lines at peak positions). The XRD results from
the un-shelled NaYF4:Yb,Tm,Nd particles are in the left column and the results of the core-shell
NaYF4:Yb,Tm,Nd@NaYF4:Y,Nd particles are in the right column. Both results have the same peaks.

Figure 4.5 shows the EDAX results of the core UCNP powder. All of the species
that should be present were detectable. Even the frequently difficult to detect Tm3+ had the
peaks necessary to indicate its presence. The large peaks from oxygen and carbon are likely
due to the carbon tape substrate upon which the UCNP were anchored. However, some of
the oxygen and carbon may be present in the UCNP as will be further explored below. Due
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to the large peaks from oxygen and carbon, the exact percentage of the dopants in the lattice
was hard to attain but it was estimated that ~30% of the particle composition was composed
of dopants. However, relative to each other, their atomic percentage was 90.8%, 7.2%, and
2.0% for Yb3+, Nd3+, and Tm3+ respectively. These values are low for Yb3+ - where 93.75%
is desired – and slightly high for the desired values of Tm3+ – where 1.56% is desired – but
very high for Nd3+ where the desired percentage relative to the other dopants is 4.69%. This
means that there is ~53% more Nd3+ in the lattice than would be ideal. This is important in
attempting to explain the wetting changes of UCNP/TiO2 surfaces under 808 nm irradiation
given that upconversion into the UV range under this wavelength is not detectable (Fig. 4.7)
for the synthesized UCNP. This will be discussed in more detail below. As a percentage of
the overall structure, there is less Yb3+ and more Tm3+ than the percentages that would give
the most ideal upconversion under 980 nm irradiation. Importantly, however, these values
for Yb3+ and Tm3+ as a percentage of the lattice are still within the range to produce efficient
upconversion181.
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Figure 4.5 EDAX studies of the synthesized UCNP core. All of the desired elements are present, with the
dopants composing ~30% of the lattice – near the desired 32%181 - and present in ratios close to the desired
ratios (see text). The large peaks indicating the presence of carbon (peak not shown) and oxygen are most
likely artifacts from the carbon tape substrate upon which the UCNP rest. However, some part of these peaks
may be due to contaminants in or on the UCNP as explored in the text.

TEM studies showed a mixture of UCNP morphologies. The UCNP produced for
this experiment show a mixture of hexagonal, rounded hexagonal, and round structures (Fig.
4.6). The hexagonal, β-NaYF4 crystal structure is desired over the cubic, α-NaYF4 crystal
structure due to its greater upconversion efficiency116. Previous experiments using the
synthesis steps followed here produced UCNP where the majority of the particles were
hexagonal both before and after the Nd-doped shell was grown upon them181. In addition,
TEM allowed for a direct measurement of average particle size. The NaYF4:Yb,Tm,Nd
particles synthesized have a diameter of ~28 nm which is relatively near the diameter found
in previous experiments of ~24 nm. After shell growth, the
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NaYF4:Yb,Tm,Nd@NaYF4:Y,Nd particles synthesized have an average diameter of ~36 nm
which is also relatively near the ~34 nm diameter of previous experiments.
The particles produced also show compositional differences as indicated by
variations in the shading of the TEM images. As can be observed (Fig. 4.6, bottom row),
the UCNP produced for previous experiments show relatively consistent shading variations.
The core UCNP all have a similar, dark shading and a similar, lighter shading for all the coreshell UCNP indicating that the electrons being transmitted through each particle encounter
electrically similar materials. The UCNP produced for this experiment are lighter and
display stark non-uniformity in their shading both for the core and core-shell UCNP. The
overall difference in shading may be explained as an artifact of the TEM settings from the
different TEM devices. However, the non-uniformity indicates that the electrical properties
or thickness of the UCNP produced for this experiment - and therefore the overall crystal
structure - are non-uniform.
The TEM evidence may indicate that performance of the UCNP synthesized may
not be as efficient as those produced in previous experiments as only a few well-formed
hexagonal UCNP appear to be scattered within a greater number of more poorly formed
particles. These poorly formed particles will most likely be less efficient than the hexagonal
particles and only weakly emit upconverted photons if they emit at all.
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Figure 4.6 TEM images of NaYF4:Yb,Tm,Nd (left column) and core-shell NaYF4:Yb,Tm,Nd@NaYF4:Y,Nd
(right column) UCNP. The top row shows the UCNP produced for this experiment and the bottom row
shows UCNP produced for previous experiments that were successfully used to induce photocatalytic activity
in a mixed UCNP/TiO2 system. It is evident that the UCNP in the bottom row have a more uniform shading
and have much greater density of the more efficient hexagonal form of NaYF 4 (Yanqi, W. (Master’s Thesis)181
© 2014 National University of Singapore). This may indicate that the UCNP from previous experiments may
be more efficient emitters of UV than the UCNP produced for this experiment.

Spectrofluorometric data of a solution of 9 mg NaYF4:Yb,Tm,Nd@NaYF4:Y,Nd in
3.5 mL of hexane is shown in Figure 4.7. The left column shows the emission results when
the sample was radiated with 980 nm light and the right column shows the emission results
when the sample was radiated with 808 nm light. In addition, the top row shows the results
for the synthesized NaYF4:Yb,Tm,Nd@NaYF4:Y,Nd whereas the bottom row was from the
literature181. The data for the synthesized UCNPs shows fluorescence in the UV range when
irradiated with 980 nm light whereas the 808 nm light shows a sharp fluorescence peak at
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404 nm. For the 980 nm light, peaks at 290 nm, 251 nm, 239 nm and 327 nm are observed.
As discussed previously, the UCNP manufacturing technique employed here follows
previous recipes in which the ratio of the dopants was tuned to produce the highest peak
possible at 347 nm. The spectrofluorometry results for 980 nm show that the 347 nm peak,
if it is present at all, is hard to distinguish from other peaks. For 808 nm stimulation there is
no evidence of a peak at 347 nm. Under 980 nm stimulation, there is a peak at 290 nm that
is most likely from the 1I6 → 3H6 transition from thulium187. Two more distinct, weaker
peaks appear at 251 nm and 239 nm whose origin is unclear. Under 808 nm stimulation,
only one peak appears near the UV range at 404 nm.
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Figure 4.7 The emission spectrum of 9 mg of the synthesized core-shell UCNP in 3.5 mL hexane under 980
nm irradiation (left column, top row) and under 808 nm irradiation (right column, top row). The bottom row
is the emission spectrum from UCNP manufactured in previous experiments under 980 nm (left column, black
lines) and 808 nm (right column, black lines) irradiation. The red lines in the bottom row represented TiO 2
coated core-shell UCNP and are not relevant to the present discussion. The UCNP manufactured for this
experiment attempted to follow the manufacturing method of these previous experiments (Yanqi (Master’s
Thesis)181 ©2014 National University of Singapore). It is evident that the two produce different emission
spectra with the UCNP from previous experiments having well defined emission peaks around 347 nm. For
980 nm stimulation, the synthesized UCNP may have similar peaks, but, if present, evidence for them is lost
due to other signals. However, there are distinct peaks at 290 nm, 251 nm, and 239 nm indicating that
upconversion into the UV range is occurring. For 808 nm stimulation, only one peak appears at 404 nm. This
peak and the peak at ~330 nm may be due to harmonic generation as explained in the text.
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The emission peak at 404 nm under 808 nm stimulation may be an artifact from the
spectrofluorometry process itself. The output from baseline analysis using only hexane
support this idea (Fig. 4.8). In these graphs, the hexane sample also appears to fluoresce at
404 nm, albeit much more weakly than when the UCNP are present as well. Given that 404
nm is simply half of 808 nm, it is likely that this peak is an artifact produced by a harmonic
from the stimulating radiation. Such harmonics also appear to be present for stimulation
under 980 nm resulting in a distinct peak at 327 nm – which is about three times less than
the 980 nm stimulation - that also appears in the baseline hexane data. However, the peaks
at 290 nm and below do not appear in the baseline. This allows for the conclusion that 980
nm stimulation does result in upconversion to the UV range.
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Figure 4.8. The top row is the spectrofluorometric emission of UCNP core-shell in hexane under 980 nm (left)
and 808 nm (right) stimulation. The bottom row is the spectrofluorometric emission from only hexane for 980
nm (left) and 808 nm (right) stimulation. Peaks at 327 nm appear under 980 nm stimulation and peaks at 404
nm appear under 808 nm stimulation even when UCNP are not present. The appearance of peaks whether the
UCNP are present or not indicates that the source of these peaks may not be due to the presence of UCNP.
Most likely, as these peaks are whole number multiples of the stimulating light source, these peaks are
harmonics of the stimulating energy.

Overall, the characterization results form a set of data that indicate the UCNP
manufactured for this experiment have the correct crystal structure and elements, but may
not perform upconversion as efficiently as UCNP produced in previous experiments.
Specifically, 980 nm irradiation appears to produce upconversion into the UV range whereas
808 nm irradiation does not. Or, given the order of magnitude increase under 808 nm
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stimulation when UCNP are present (Fig. 4.8, right column), the UCNP may serve only to
enhance whatever signal is already there. Given these results, the experiment proceeded in
order to learn what the presence of any UV upconversion that does manifest may have on
the hydrophobically coated TiO2 nanoparticles.
Model wetting experiments were conducted on a series of UCNP/TiO2 coated slides
in order to test the efficacy of creating a Pickering emulsion that would destabilize under
NIR irradiation. This series of slides had thin – 1-2 μm – layers composed of a
heterogeneous mixture of UCNP/TiO2 particles. Each slide had different ratios of
UCNP:TiO2 by weight: a 0:100 null test slide, a 1:99 1% slide, a 5:95 5% slide, and a 10:90
10% slide. For a given experimental run under 980 nm or 808 nm irradiation, four slides
were prepared for each wavelength giving a total of eight slides.
After one hour irradiation under both 980 nm and 808 nm laser irradiation the
UCNP/TiO2 surfaces decreased their water contact angle by approximately 10o-12o (Fig.
4.9). However, these changes are small, with a maximum recorded contact angle change of
12.4o for the 5% UCNP surface irradiated by the 808 nm laser source. This is outside the
range of standard deviation from the surfaces with no UCNP present, but not significantly
so. The maximum contact angle change for the surfaces irradiated with the 980 nm laser
source is only 10.8o, also for the 5% UCNP surface. In order to gauge whether greater
wetting could be induced under longer irradiation times a 5% UCNP surface was irradiated
without interruption for a total of three hours using 808 nm laser irradiation and the contact
angle measured. The result was a contact angle change of 15.4o – within the standard
deviation of previous results. A possible reason for the difference in performance of the

115

two radiation sources and the slightly better performance of the 5% UCNP surfaces relative
to other surfaces will be addressed in the Discussion below.

Figure 4.9 Contact angle vs. irradiation time for solid surface particle layers composed of mixture of core-shell
UCNP and NKT-90 TiO2 nanoparticles at different percentages of UCNP under 808 nm (top) and 980 nm
(bottom) laser light. When no UCNP particles are present the contact angle does not change whereas adding
UCNP even at percentages as low as 1% changes the wetting properties after one hour of irradiation. The
surface with 5% UCNP appears to undergo the greatest wetting changes for both the 980 nm and 808 nm
sources with the largest changes occurring on the 808 nm irradiated layer.
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Discussion
Analysis of the properties of the synthesized NaYF4:Yb,Tm,Nd@NaYF4:Y,Nd
UCNP gave mixed results with respect to their upconversion efficacy. The XRD and
EDAX studies appeared to show that the crystal structure and chemical composition of the
UCNP used here were similar to the results of previous UCNP experiments that attained
UCNP that were able to produce strong peaks in the UV region. However, direct imaging
of the UCNP used in this experiment showed a shape mixture with some particles
possessing the desired hexagonal form and others appearing more rounded. Finally, the
upconversion excitation spectrum from spectrofluorometry tests seemed to indicate that
only stimulation from the 980 nm laser radiation produced UV frequencies with some
ambiguity from harmonic signals.
The percentages of NaYF4:Yb,Tm,Nd@NaYF4:Y,Nd UCNP in TiO2 – as small as
they are – should have given adequate insight into the overall behavior of mixed
UCNP/TiO2 layers assuming the UCNP would have performed as expected. Given the
similar densities of NKT-90 TiO2 nanoparticles and the UCNP along with their comparable
sizes – with NKT-90 at ~30 nm the UCNP at ~36 nm – it is expected that these
experimental layers contained a fairly homogenous distribution of UCNP particles.
Assuming dense packing, such a distribution would mean a UCNP particle would have
twelve TiO2 nearest neighbors and, given the slight size difference, probably more. Given
the hexagonal, near hexagonal, or near circular geometry of the core-shell UCNP, it is
assumed that there is no strict directional preference to the emission. Thus, it may be
assumed that the emission from a single UCNP may irradiate at least twelve TiO2 particles.
Therefore, assuming complete absorption, a layer composed of 1% UCNP should be able to
irradiate about 12% of the overall layer; the layer composed of 5% UCNP should be able to
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irradiate about 63% of the overall layer; and the layer composed of 10% UCNP should be
able to irradiate 100% of the overall layer with a 33% overlap wherein extra doses of
irradiation from overlapping emission strike nearby TiO2 from more than one UCNP
emission source.
Given the rapid wetting changes seen under intense UV irradiation of the
hydrophobically coated TiO2 (under three minutes, See Chapter 3), it seemed that longer
exposure from a weaker UV source from the UCNP would be sufficient to cause a gradual
increase in wetting. To quantify this, for NaYF4 based UCNP the maximum quantum yield
has been shown to be 4%124 giving 40 mW as the maximum power emitted. The energy of
the Si-C bond in the hydrophobic silane itself (3.73 eV/bond) and the energy of the C-O
bonds responsible for silane adhesion to TiO2 (3.71 eV/bond)188 will both break if hit by a
photon emitted from the synthesized UCNP from any of the detectable peaks (Fig 4.7)
below 290 nm (4.28 eV). At worst, the 1% and 5% surfaces would fail to transition to
complete wetting given a sufficient amount of irradiation as UV emission from the UCNP
would not cover 100% of the surface. However, the 10% surfaces – with their 133%
emission coverage – seemed probable candidates to transition to complete wetting. In
addition, the partial emission coverage of the 1% and 5% surfaces would still create an
environment necessary to observably alter the overall contact angle of a quiescent sessile
drop as some parts of the surface composed of NKT-90 would have their hydrophobic
coating destroyed by photocatalysis thereby exposing the hydrophilic TiO2 particles for
wetting. This is because the Cassie’s Law equation (eqn. 6) dictates that a surface composed
of regions with different wetting properties will manifest a contact angle proportional to the
percent of the surface area covered by those different regions. Given these assumptions, the
sessile drop experiments with 10% UCNP coverage should have resulted in a surface that
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would have eventually reached complete wetting as 90% of the surface would reach a state
of complete wetting due to the UV bombardment from the NIR stimulated UCNP.
The contact angle results appearing in Figure 4.9 for the 1-2 μm thick UCNP/TiO2
layer show that the 5% surface seems to change its wetting properties faster than the 10%
surface. This slightly surprising result can be viewed two ways. The first view is a simple
appeal to standard deviation overlap. Namely, the contact angle change for both the 5% and
10% surface at 30 and 60 minutes are within a standard deviation of each other and any
differences not significant. The second view is to posit that something else is occurring
based on the observation that the same behavior was observed under both sets of incident
radiation over many runs. If the results are a physical effect, a possible explanation is that
this effect is due to the UCNP present at the surface. Figure 4.8 shows that the 10% surface
has the lowest initial contact angle of any of the particle surfaces and that this initial contact
angle is low enough to be more than a standard deviation lower than the null surface before
irradiation begins. Therefore, this initial contact angle difference may be due to the presence
of the UCNP at the surface. Thus, the slower change of the 10% surfaces when compared
to the 5% surfaces may be because the greater population of UCNP at the 10% surface
somehow impedes any induced wetting changes. A reason for this is to recall that UCNP
are inherently hydrophobic and – no matter what mechanism is ultimately behind the
observed wetting changes – NIR, UV, or local heating will not modify this hydrophobicity.
So, if UV is being produced or local heating is being generated by NIR irradiation, the
hydrophobic coating of surface NKT-90 will be altered or destroyed causing those particles
to become hydrophilic. However, the unaltered hydrophobic UCNP will remain in place
and, therefore, the 10% surfaces change their contact angles less due to the greater numeracy
of hydrophobic UCNP at the surface.
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A second feature of the contact angle change rate data (Fig. 4.9) is that the surfaces
irradiated with the 808 nm laser appeared to lower their contact angles more than the
surfaces irradiated with the 980 nm. Again, the differences are within the standard deviation,
but – as the changes were consistent – another mechanism may be acting. This result may
seem problematic in light of the spectrofluorometry results which show that there may not
be any UV emission under 808 nm irradiation where there is such emission under 980 nm
irradiation (Fig. 4.7). Given this difference in UV emission behavior, the mechanism behind
what causes the surfaces irradiated with an 808 nm laser to change its contact angle – and do
so faster than the surfaces irradiated with a 980 nm laser in which the embedded UCNP do
emit UV light – needs to be explored.
As previously mentioned, neodymium doping is used here because Nd3+ has an
absorption band that will respond to 808 nm radiation and had been successfully used as a
sensitizer to achieve upconversion at this wavelength189. Initial efforts to produce an
upconversion material with neodymium doping suffered from severe inefficiency that could
not be overcome by increasing the Nd3+ doping percentage180. Such an increase in doping
only resulted in a further decrease in efficiency as parasitic cross relaxation that occurs
between the sensitizing Nd3+ ions, secondary sensitizers, and the activators overwhelms the
desirable excitation transfers that would result in photon emission. However, it was soon
found that by using a core-shell structure wherein the core was doped with only 1-2% of
Nd3+ and the shell doped to 20% Nd3+ formed nanoparticles that could efficiently harvest
800 nm light such that the efficiency was seventeen times better than the same upconversion
particles missing the Nd3+-laden shell180. The ability of Nd3+ to upconvert 800 nm
wavelengths comes from this wavelength’s ability to cause an excitation from its ground
state to its 4F3/2 state which can directly transfer energy to the 2F5/2 state of Yb3+ with an
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efficiency of 90%. In addition, the Nd3+ laden shell also acts to suppress to surface
quenching caused by Yb3+ further improving the efficiency of UCNP that make use of
neodymium.
The synthesized UCNP were formulated to make this core-shell neodymium doped
structure. Without the neodymium, all that would be left would be the well tested
NaYF4:Tm,Yb UCNP which have been used for over a decade to take 980 nm radiation and
cause upconversion to the visible or ultraviolet range. If, for whatever reason, the
neodymium could not efficiently transfer the upconverted energy from 808 nm irradiation to
the ytterbium (as designed) then the efficiency of the UCNP in converting 980 nm
irradiation to the desired output will drop as well. However, this drop will be proportional
to the number of sites that are populated by neodymium that could have been populated by
ytterbium or tellurium as well as some quenching due to the abundance of parasitic energy
levels in Nd3+ (see below). Upconversion from 980 nm would still occur, but the signal
would be weaker.
The spectrofluorometry results (Fig 4.7) indicate that the manufactured UCNP are
able to upconvert 980 nm radiation, but not upconvert the 808 nm irradiation. However,
wetting changes were still detected on the UCNP/TiO2 surfaces under 808 nm irradiation
(Fig. 4.9). If UV induced breakdown of the hydrophobic coating on the TiO2 nanoparticles
is not responsible for the wetting changes then there must be another mechanism or
mechanisms responsible for the observed changes. Furthermore, as TiO2 without the
presence of UCNP did not change its wetting properties under 808 nm radiation, the wetting
changes are likely due to the presence of the UCNP. Given that UCNP does not change its
wetting properties under NIR irradiation, then the UCNP must be affecting the hydrophobic
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coating on the TiO2. Since upconversion is not occurring, then the UCNP must be
producing something else to cause the hydrophobic silane coating to breakdown. A
speculative answer to what is occurring is two-fold. First, it can be posited that there is
some harmonic generation (Fig. 4.8) that is occurring that is sufficient to cause stimulated
breakdown of the TiO2 surrounding the UCNP. Second, some of the 808 nm radiation is
being converted to heat energy that is sufficiently energetic to cause the silane coating to
breakdown.
The source of this heating may be from the dopant neodymium ions. In the EDAX
results mentioned above, it was found that there was an excess of Nd3+ above the amount
targeted in the previous experiments whose formulation was followed for the UCNP
synthesized for the experiments here181. This is problematic due to the nature of the energy
levels of Nd3+. As previously explained, the neodymium is present in the synthesized UCNP
to act as a sensitizer in order to allow upconversion from sources near 800 nm. Ytterbium
then acts as a secondary sensitizer that takes the energy from the neodymium and transfers it
to the activator – thulium in this case – which emits the higher energy photons. However,
Nd3+ has many energy levels – unlike Yb3+ which has a single excited state under the
irradiation energies involved - that can act to deactivate the activator ions causing nonradiative energy transfer that manifests as heat190. If the neodymium doping is kept low
enough, this quenching is minor compared to radiative emission as it is more energetically
favorable for the neodymium transfer its energy to ytterbium. For the synthesized UCNP
used here, the excess of Nd3+ must still be absorbing the 808 nm laser irradiation. However,
as the spectrofluorometry results show, very little – if any – of this energy is being emitted
into the UV range. Therefore, a portion of the absorbed irradiation will go to heating up the
UCNP. Nd3+ doped NaYF4 systems under 800 nm irradiation have been found to
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upconvert with near the same efficiencies as the most ideal NaYF4:Yb,Er systems190.
Therefore, the absorption efficiency may be reasonably expected to be near 4%. Under 1 W
of irradiation, it is likely that these non-radiative processes produce enough heat to break the
silane bonds of the hydrophobic coating on the surrounding NKT-90. Specifically, the likely
reason why the wetting properties of the compressed particle surfaces under 808 nm
irradiation change is due to heat induced degradation of the hydrophobic coating around the
TiO2 nanoparticles.
Whether this degradation is due to UV induced photocatalytic breakdown or from
local heating does not answer a second question that arises from the wetting change data.
Namely, why do the wetting properties stop changing even under prolonged exposure?
Given the characterization results, the UCNP manufactured for this experiment do not
perform as expected thereby making a material which already has low efficiency even under
ideal conditions124 perform even worse. For 980 nm irradiation this deficiency alone would
serve to explain the inability to increase surface wettability beyond a certain level. If the
conversion efficiency is poor enough, then the weakly or non-emitting UV radiation
emerging from the UCNP may simply be insufficient to cause a robust break down of the
hydrophobic coating on the NKT-90. As the TEM images show, scattered amongst the
majority of poorly formed UCNP are a few particles that have the desired hexagonal
structures. If only the well-formed minority are producing UV with an intensity nearing
what is expected then the percentages that are believed to be homogenously embedded in
the surface are much lower than the 1%, 5%, and 10% assumed to be acting as only a
percentage of these percentages are actually upconverting. This efficient minority only have
the ability to destroy the hydrophobic coatings of their nearest neighbors. Once the
hydrophobic coatings are destroyed locally, any further UV photons produced will simply be
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efficiently absorbed by the now bare TiO2 surrounding them. The result would be a
decrease in the observed contact angle as there are now fractions of the overall surface area
that are more wetting (eqn. 6), but nothing beyond these immediate regions will change from
their initial values as the appropriate stimulus never reaches them.
The same overall limitations can be applied to explain why the proposed heating of
the surfaces under 808 nm irradiation also fails to cause the entire surface to become wetting
even under prolonged exposure. The maximum temperatures reached due to the excess
Nd3+ causing parasitic non-radiative relaxation will be centered at and immediately
surrounding the UCNP. NKT-90 is marketed as a toner product and therefore was
composed to operate at elevated temperatures. Only when the temperatures have reached
150oC will decomposition of the coating occur191. Because the contact angle is only slightly
modified, it is reasonable to assume that such temperatures remain local and do not relax out
to heat the rest of the surface to temperatures sufficient to cause thermal breakdown of the
entire mixed particle surface. The 808 nm irradiation causes each Nd3+-laden particle to
contribute energy to the heating process. Thus, there is a greater decrease in contact angle
under 808 nm radiation than under 980 nm irradiation as only a fraction of the UCNP under
980 nm irradiation contribute to the breakdown of the hydrophobic coating because only a
fraction of the UCNP have the hexagonal structure that indicates that they are UV emitters.
The question remains as to what caused the UCNP manufactured for this
experiment to fail to form the β structures, manifest the uniform electrical properties, or
attain doping compositions similar to those from previous experiments. For nanoparticle
manufacture, the process of identifying why a particular synthesis failed to attain the desired
characteristics begins by examining possible sources of contamination. Any organic
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contamination would interfere with efficiency. The carbon peak in the EDAX (Fig. 4.5) was
largely ascribed above to the surface upon which the UCNP were secured. However, this
carbon could also include contamination present in the particles themselves. Organic
solution synthesis of these UCNP is a multi-step process with each step adding to the
possibility of contamination. Examples of contamination sources include emulsion
formation as the precursors are dissolved in water. As Chapter 3 demonstrated, emulsions
can be extremely stable. Their presence creates a solution that is very difficult to purify. The
difficulty lies in removing higher boiling point organics which, if left in solution, could
quench the absorption and emission properties of the UCNP. Another example is from the
oleic acid which served as a surfactant during synthesis. The original experimenters
suggested that the surfactant could be removed from the UCNP simply by washing. Usually
an acid wash or high temperature annealing would be necessary to remove such surfactants.
The thin layer formed by this surfactant around the nascent UCNP at both the core and the
core-shell manufacturing steps may also disturb both photon absorption and emission as
well as interfere with dopant incorporation. This is a problem that cannot be solved by
continuously washing the particles. Such washing could not change the dopants already
incorporated into the lattice and the washing process itself would soon effect the stability the
UCNP in solution leading to the aggregation of the particles before the desired structures are
formed. One batch of NaYF4:Yb,Tm,Nd UCNP were, in fact, washed multiple times past
the number of washes ordinarily used. However, the particles in this batch quickly fell out
of solution making further processing impossible.
Finally, the core-shell structure is an example of seed mediated synthesis reactions
which is usually more sensitive than single crystal growth. This is because it is vital to
prevent the growth of new nanoparticles and force the ready-to-crystallize solution to only
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grow on the already formed nanoparticles. Such directed growth is difficult under the best
conditions and the synthesis of the UCNP created for this experiment was further hindered
by the desire to perform the UCNP synthesis without deviating from the previously
published recipes. Unfortunately, it may be that better results would have been attained if a
different synthesis method was used. One glaring example would have been to avoid letting
the precursor salts present form their own particles as the shells were grown around the
cores.

Conclusion
A surface composed primarily of hydrophobically coated TiO2 that will change its
wetting properties under NIR irradiation has successfully been created. This is a significant
extension to the well-studied photoinduced hydrophilicity (PIH) property of TiO2 which, in
its stoichiometric form, will only demonstrate PIH if the irradiating light is energetic enough
to cause excitation across its bandgap thus requiring light with a wavelength in the ultraviolet
range or smaller.
This was accomplished by mixing hydrophobically coated TiO2 with
NaYF4:Yb,Tm,Nd@NaYF4:Y,Nd upconversion nanoparticles (UCNP). UCNP have the
ability to absorb two or more photons with a low energy and output a single photon with an
energy higher than any of the absorbed photons. With proper doping concentration and
crystal structure, UCNP can be made to output UV light. It was hoped that this
upconverted emission would be sufficient to stimulate the TiO2 into photocatalytically
destroying its hydrophobic coating.
Unfortunately, while a change to the wetting properties of layer composed of a
mixture of UCNP and TiO2 was observed, this wetting change was less than 15o and did not
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create a state of complete wetting on the mixed particle system. This prevented the pursuit
of the initial inspiration for this experiment wherein it was hoped to create a solid-stabilized
emulsion – a “Pickering” emulsion - that could become destabilized under NIR irradiation.
This would have been similar to the UV induced destabilization that has been shown can be
produced by irradiating Pickering emulsions formed using only hydrophobically coated TiO2
(Chapter 3). It was these hydrophobically coated TiO2 nanoparticles that were mixed here
with UCNP.
The small degree of wetting change that was observed was examined and some
potentially interesting features explored. These included observations that would explain the
limited degree of the wetting observed. The spectrofluorometry results (Fig. 4.7) indicate
that upconversion into the UV range was occurring under 980 nm irradiation, but was not
occurring under 808 nm irradiation. As both mixed particle surfaces changed their wetting
properties, but did so to a limited degree, this limitation was posited to be due to the local
effects from the homogeneously distributed UCNP. It was posited that under 980 nm
irradiation, the hydrophobic coating around the TiO2 was destroyed by the UCNP emitting
upconverted UV irradiation. Under 808 nm irradiation, it was posited the hydrophobic
coating was destroyed by local heating effects due to non-radiative relaxation from the overabundance of Nd3+ dopant atoms. In both cases, only the region immediately surrounding
the UCNP broke down leaving the majority of the surface hydrophobic thereby explaining
the experimental observations of limited wetting changes.
Finally, some of the potential causes behind the inefficiency of the UCNP
manufactured for this experiment were explored. XRD, EDAX, and some specimens
observed by TEM indicated that the desired crystal structure containing the necessary
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dopants was successfully created. However, the majority of the UCNP observed by TEM
and spectrofluorometric data support the experimental findings that the UCNP were not
behaving as hoped. To explain this, the UCNP synthesis was examined and steps at which
crystal formation can become corrupted were mentioned. The possible presence of
emulsion, contamination from surfactants, the complicated process of core-shell
manufacture, and steps that should have deviated from previous UCNP manufacturing
recipes were all explored as potential sources for inefficient performance.
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