UC Riverside
UC Riverside Electronic Theses and Dissertations

Title
Nanoscience for Public Health: Applications for ZrN and YSZ

Permalink
https://escholarship.org/uc/item/4dz7p6rk

Author
Rudnicki, Chris W.

Publication Date
2023

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4dz7p6rk
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
RIVERSIDE

Nanoscience for Public Health: Applications for ZrN and YSZ

A Dissertation submitted in partial satisfaction
of the requirements for the degree of
Doctor of Philosophy
in
Mechanical Engineering
by

Chris Rudnicki

September 2023

Dissertation (use Thesis for Master’s) Committee:
Dr. Lorenzo Mangolini
Dr. Richard Wilson
Dr. Bhargav Rallabandi



Copyright by
Chris Rudnicki
2023



The Dissertation of Chris Rudnicki is approved:

Committee Chairperson

University of California, Riverside



ACKNOWLEDGEMENTS:

| acknowledge previously published work has been used in its entirety from the
Journal of Nanoparticle Research, volume 22, February 2020 (Chapter 4). | am the
primary contributor to this article, while Dr. Exarhos, Dr. Mangolini are also
acknowledged as contributors. Crystal Mariano is acknowledged as a contributing
undergraduate research assistant.

| also acknowledge that previously published work has been reprinted or partially
reprinted from the journal ACS Applied Bio Materials, volume 108, June 2020 (Chapter
5). I am the primary contributor to this article while Changlu Xu, Dr. Uahengo, Dr.
Halaney, Dr. Garay, Dr. Mangolini, Dr. Aguilar, and Dr. Liu are also acknowledged as
contributors.

I acknowledge Dr. Mangolini for without his guidance and instruction this work
would not have been possible.

| acknowledge Dr. Schwan and the rest of my labmates who always provided help
and support when needed.

| acknowledge the senior graduate students and post doctorates during my work
Dr. Exarhos, Dr. Alvarez Barragan, Dr. Nava and Dr. Berrospe Rodriguez for without
their training and contribution this work would not be possible.

| also acknowledge Andres, Mae, Pedro and the rest of my loved ones whom

without their support this work would not be completed.

v



to a previous evolution



ABSTRACT OF THE DISSERTATION

Nanoscience for Public Health: Applications for ZrN and YSZ
by

Chris Rudnicki

Doctor of Philosophy, Graduate Program in Mechanical Engineering
University of California, Riverside, September 2023
Dr. Lorenzo Mangolini, Chairperson
The interaction of light with a small metallic particle creates a strong local
electromagnetic wave that can be exploited in the public health arena for photochemistry,
biosensing, drug delivery and more. In this dissertation, I discuss the synthesis and
application of two different nanoparticles for public health, zirconium nitride (ZrN) and
yttria-stabilized zirconia (YSZ). ZrN is investigated as an alternative plasmonic material
to efficiently convert the sun’s visible radiation into chemical energy to remove heavy
metals from water. The photothermal and photelectric mechanisms of plasmonic ZrN
particles are considered and characterized. YSZ is proposed as a ceramic cranial implant
for the improvement of diagnostic and treatments of brain disorders. YSZ nanoparticles
synthesized with an Aerosol Spray Pyrolysis system are densified with a Spark-Plasma
Sintering process to obtain dense bulk nanostructure. | work to optimize the mechanical
properties of 3YSZ with the optical properties of 8YSZ. Additionally, | comment on the

potential for nanotechnology to contribute to public health.
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Chapter 1: Introduction

1.1: Nanotechnology for Public Health

Nanotechnology has the great potential to improve healthcare techniques because many
viruses, including the COVID virus, are somewhere between 50-200 nm in size. During
the COVID emergencies in 2020, we witnessed a public health emergency unfolding which
increased the risk of the community as well as one’s personal health. Developing
nanotechnology is important to be ready for future infectious disease emergencies by
improving diagnostic techniques, therapeutics, and preventing infections from happening
in the first place.! Nanotechnology generally has the potential to provide technological
innovation in all the core disciplines of public health: epidemiology, biostatistics, health

policy management, social and community behavior and environmental health sciences.?

The study of materials and their properties over time looked at smaller and smaller scales
eventually engineering on the nanoscale, although not stopping at materials generally
considered between 10-100 nm in size but sometimes up to 1000 nm. The study of specific
nanomaterials is called nanoscience and the use of that knowledge for public health
applications in this dissertation contributes are denoted to nanotechnologies.

The rich world on the nanoscale includes a number of natural examples like enzymes, cell
membranes, spider silks, and nanoclays. The chemical reactions and processes that
contribute to complicated life are monitored by neurons on the nanoscale for the

homeostasis with which biological systems live. The colors we evolved to see have



wavelengths that are hundreds of nanometers in size but if they become shorter or longer,
we can no longer see them.

Both the material and the structure of that material are important for determining the
properties of that thing. Nanostructured materials have different properties than their bulk
counterparts in part because as the radius, r, gets smaller; the ratio of their surface area
(~r?) to volume (~r®) increases rapidly. The interior atoms of nanostructured spheres or
cylinders are stable because they contain more atoms on the surface of the structure which
can also be leveraged for a number of applications.® Particular ratios of surface area to

volume also appear to be something bacteria seeks to maintain balance and stability.*

The nanostructured materials are typically divided into five categories: metal, lipid,
ceramic, polymeric and semiconductors.®> Converging nanotechnologies with biomedical
fields holds potential to improve both diagnostic techniques as well as treatments in the
healthcare sector. Depending on the material of nanoparticle, they are able to leverage their

large surface area to engineer other chemicals onto.
1.2: Nanotechnology Background

The word ‘atom’ come from words in ancient Greece meaning “indivisible” but in 1897,
J. J. Thompson broke those atoms down now into smaller parts first by measuring the mass
of electrons and then a few years later describing the nucleus made of protons and neutrons.
The search for the fundamental building blocks continued with modern technology,

breaking down those subatomic particles further into quarks. Although likely without



knowledge on nanotechnology, a number of ancient artifacts were making use out of the
macroscale effects of nanoparticles.

The Lycurgus Cup is one such artifact that people wondered and speculated for centuries
with its extraordinary artistic aspects and for the optical properties of the glass. When the
light source is reflected back a green color decorates the cup but when the light is
transmitting through, the cup appears red. The dichroic effect describes perceiving two
different colors depending on where the light source is located which it did not seem
intentionally possible for engineers a century ago to do in this with silver and gold
colloids.® It was not until Mie came along in the mid-1900s would we begin to understand
the optical properties of the cup.

Two other ancient materials were later discovered to contain nanostructures that improved
the quality; Damascus sabers and luster from medieval pottery. The blades contained
cementite (FesC) particles which contributed to the increased strength of the blade.” The
luster from the 9™ century, was a 10-20 nm metal free thin film while there were metal
nanocrystals imbedded into the glass below providing both protection for the pottery as
well as contributing to the optical beauty.® Medieval artisans were able to reproduce these
materials making them to be the first nanotechnologists.

In 20" century, a physicist Richard Feynman advocated for developing the technologies to
investigate the different properties for nanostructured materials than their bulk
counterparts.® These lectures were not the start of but encouraged innovation in developing
technologies and contributed to what is described as 1970s Moors law where the number

of transistors inside an integrated circuit doubled roughly every two years. The process of



creating more powerful computers that can fit inside your pocket than the computers that

first allowed people to go to the moon is driven by nanotechnology.

There is great potential for nanotechnology our computing power but research on exposure
to nanomaterials via food, water, or medical applications has shown adverse effects on the
body but is still ongoing.l® Some researchers are arguing for precaution until more
information is known when there could be permanent damage handling these materials and
looking to address the nanomaterial complexities to understand and minimize the
hazards.'1? Life cycle assessment studies suggest many synthesis methods are not energy

efficient causing a large impact on the climate crisis.*?
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Figure 1.1. Local dipole field due to an
external electric field.

1.3: Light-matter Interactions

The small part of the spectrum of light that comes from the sun that we evolved to see,
wavelengths 400 — 900 nanometers spanning from blue to red, color our daily life with

light matter interactions. Common phenomenon such as visible light mostly transmitting



through widows or reflecting off many metals giving them an opaque or shinny color. Even
the light we cannot see like ultraviolet light (UV, 100-400 nm) and near infrared light (NIR,

700-1400 nm) is perceptible by feeling the heat of asphalt on a summer day.

As a material is placed in a static electric field, the negatively charged electron cloud with
the positively charged nucleus interact with the electric field and polarize the atom. As
shown in figure 1, the local microscopic displacement dipole is described by:
D= geFE (1L1)

Where D is the electric displacement of the material, &, is the permittivity of free space, &,
is the relative permittivity of the material or the ability of it to hold that energy from the
electromagnetic wave related to restoring force and mass of the electrons and protons
within the lattice. When the macroscopic electric field starts to oscillate with a particular
frequency though, the interactions between neighboring dipoles gives rise to a local electric

field that felt more strongly.

A classical theory of optical properties, the Lorentz model, treats the relationship between
the electrons and nucleus like that of a spring or a harmonic oscillator that is driven by the
force applied from an electromagnetic field. Each oscillator, a mass m and a charge e, that
is acted on by the electromagnetic field also has a restoring force K much like a spring and
x is the displacement from equilibrium. The local field then is dependent on all the

identical, independent harmonic oscillators and the motion of them can be described by:

mx + bX + Kx = 8Elocal (12)



Where the local field Ej,.4; is the field that is “seen” by a single oscillator which is
different than the macroscopic field E which contains the average of all the dipoles. The
damping force is bx, where b is the damping constant. The solution to equation 2 contains
a transient part that dies away due to damping and another more interesting oscillatory

part with the same frequency as the driving field.

Equipped with the solution to a single oscillator, the dipole moment of a given unit
volume is going to follow from the number of oscillators times the charge they carry.
From those larger polarizations, the dielectric function, or the material response to a

given electromagnetic field from the system of simple harmonic oscillators is:

2
w
e=1+4———

w-w?-iyw

Where w, is the plasma frequency defined by w, = /Nez/mgo , Wo = /K/m andy =

b/m. The dielectric function contains both real and imaginary parts and many of optical

(1.3)

characteristics can be deduced from this simple model. There is a region of high
absorbance at frequencies around the resonance frequency w, and also has an associated
region of high reflectance with frequencies slightly higher given that K > 1. Absorption
occurs when the oscillations of electrons grow large and the dissipation of that energy
from the oscillation goes into the lattice of the material (phonons).

Generally, the real and imaginary parts of the dielectric function are described by:

e(w) = &(w) —i(w) (14



Where o is the frequency of light, €1 is the real part of the permittivity and &2 is the
imaginary part of the permittivity meaning that they represent the polarizability and the

loss of energy in the medium respectively.

It is important to note that €1 and &2 both depend on the frequency of light and also are not
independent of one another. The maximum value of &2 occurs approximately at w, and
provided thaty > w, there will also be a region of high reflectance at frequencies slightly
larger than w,. At sufficiently high frequencies, €1 will approach the free space value as
none of the polarization mechanisms of the material are able to respond. At the low
frequencies, much lower than the resonance frequency, the imaginary part will approach
zero and the real part of the dielectric function will approach a constant that depends on
the materials number density of oscillators and their masses.

A prevalent example is that of glass, SiO., where the resonant frequency of the electron
shells is in the far UV part of the spectrum but by inserting some impurities the resonance
frequency can be lowered to closer to the visible part of the spectrum. Visible light has a
relatively low frequency oscillations compared with UV light and therefore the amplitude
of the charge oscillations in glass is relatively small making the material mostly transparent
and slightly reflecting. Adding too many impurities would result in an even lower resonant
frequency that would start to have absorption features with visible light rather than
providing a window.

1.4: Plasmonic Nanoparticles

Metal nanoparticles smaller than the wavelength of light impinging on them like those

found in the Lycurgus Cup interact with light differently than their bulk counterparts. In
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Figure 2. Localized surface plasmon resonance (LSPR) of
a plasmonic nanoparticle. The nanoparticle size is similar
to that of the wavelength of light the collective oscillations
of electrons produce a strong localized electromagnetic
field.

the mid-1800s, Michael Faraday produced a solution of extremely small gold particles, that
turned out to be nanoparticles, and observed a red color that was different than the bulk
property of gold. Understanding the properties of small metallic nanoparticles start with
the optical differences between insulators which tend to be transparent to visible light while
metals tend to be reflecting of light with that same energy.

The difference in the electric band structure of conductors vs. non-conductors of electricity
are markedly different and greatly contribute to the understanding of optical properties in
a material. Insulators typically have a large band gap where there is a forbidden energy gap
between an energy band completely filled with electrons and another that is empty. Metals
on the other hand have energy bands that are completely filled and overlap with other

empty energy bands. This overlay of energy bands allows for an absorption mechanism of



low frequency photons in metals whereas non-conductors or insulators require a photon
with greater energy than their band gap for absorption to occur.

The electrons in metals are easily able to get excited into higher energy states due to the
band structure and therefore are often referred to as “free”. The result is that we can
consider the K value in our simple harmonic oscillator model to be zero, the restoring force
of electrons in metals is small and therefore w, = 0. Following the model from Lorentz,
the dielectric function modeling the oscillation of electrons in a metal was described by

Drude!*:

(1.5)

Where w,, is the plasma frequency, and y, the damping coefficient, relates to how strongly
the material’s nuclei holds onto electrons. The plasma frequency was used before but
within metal it corresponds to the collective longitudinal oscillations due to long range
coulomb forces of the electron gas at frequencies when the dielectric function is zero. Since
the overall charge of the metal is zero, the nonuniform charge distribution due to the
electromagnetic wave produces electron momentum causing them to overshoot the

equilibrium position.

This collective oscillation is called a plasmon, or a quanta of plasma oscillations, if the
lifetime is sufficiently large (w,7 > 1). Where y is related to the average time between
collisions which in the bulk metal is manly electron-phonon scattering. As the particles get
smaller, electron-surface scattering starts to become more important and y can be modeled

as a function of the radius of the particle. This model of the dielectric function is able to



account for nanoparticles in the 10-100 nm range and the plasmon resonances in the visible
part of the spectrum

Electromagnetic theories from Maxwell applied to particles smaller than the wavelength
of light determined that the particle resonance frequency from both the material properties,
including the density of electrons, the effective electron mass, and also the structure like
the size and shape of the charge distribution.*® By changing the geometry, materials, and
also by changing the surroundings of the particle, the plasmonic resonant frequency could
be synthesized for specific wavelengths.

Mie, the first do to so successfully, use an electric dipole approximation to describe what
became known as surface plasmons or LSPR (figure 2) and further described the transverse
electric field modes. Much like a particle in a box, the separation between energy levels
increases with decreasing size which for a metal nanoparticle creates a small energy
separation in the conduction band. The ensuing net charge difference at the surface of the
particle from the electromagnetic wave changes the polarizability of the metal to resonance
at optical frequencies. By assuming the bulk dielectric constant of the material applied to
the nanoscale and using the boundary conditions of a small spherical object, Mie

determined the extinction cross section of the nanoparticle to be roughly®:

Oext ~ 2 (1.6)

[e1(w)+2&m(w)]?+&2(w)?
Where en is the relative permittivity of the surrounding medium and o is the frequency of
the impinging light. The real and imaginary parts of the dielectric function of the material

are, €1, and & respectively.

10



For sufficiently small spherical particles meaning that the particle’s circumference is less

than the wavelength of light, Mie theory approximates the values of Qabns and Qsca to be:

-1
OQups = 4a Im (;—2) (1.7)
8 |e—1|*
Qsca = ga ;_2 (18)

Where a, the size parameter or the particles circumference divided by the wavelength of
light, a = Zlﬂ, must be less than 1. Plasmonic nanoparticles have the property of &€ = -2

resulting in a lot of scattering and absorption. Plasmonic materials take advantage of
efficiently converting light into energy which can be used to improve public health with
biomedical imaging, drug delivery, photothermal therapies, biosensors and as a

photocatalysts, the application of focus in this dissertation.’
1.5: Dissertation Direction

In this work 1 first focus on the synthesis of and then potential application of alternative
plasmonic nanoparticles made of ZrN. Although ZrN is an ionic compound, when it is
nanostructured with a novel non-thermal plasma process it is able to leverage high
electron mobility on the surface of the particle creating a plasmonic or LSPR response
that is also present in metal nanoparticles.

Gold and silver are typically the choice nanoparticles due to their initial discovery and
plasmonic response in the visible spectrum. However, these nanoparticles are extremely
expensive and melt at temperatures around 700 ° C, motivating interest to find alternative

plasmonic materials such as metal nitrides.*® Particularly, titanium nitride (TiN) and

11



zirconium nitride (ZrN) display the properties to replace gold and silver, since they are
inexpensive earth abundant materials and have higher melting points. ZrN however
displays a sharper and blue shifted plasmonic response compared with that of TiN.°
There are two problems that optimization of plasmonic ZrN hopes to address. First,
transitioning energy generation away from fossil fuels as quickly as possible will require
efficient use of the over 40% of the sun’s energy in the visible part of the spectrum by
converting visible light into chemical energy. There is increased pressure on public health
systems due to climate disasters caused by fossil fuel energy production.?’ Improvement
in public health could come from more green energy production.

The second issue that ZrN is applied is as late as 2016, dangerous levels of Chromium
(V1) were found in over 90% of water systems sampled in the US.?! Back in 1993,
hexavalent Chromium was determined to be the cause of an illness in California.??
Chapter 2 focuses on ZrN and its photocatalytic abilities compared with a semi-conductor
TiO> for the treatment of water without the addition of an alcohol catalyst. ZrN
nanoparticles are invoked to reduce chromium (V1) to a less dangerous form chromium
(1) with light. By both taking advantage of the high surface area of nanoparticles and
their ability to absorb both ultraviolet light and visible light, the nanoparticles are able to
facilitate the reduction of chromium (V1) to chromium (l11) in solution.

In chapter 3, plasmonic ZrN is invoked again to reduce heavy metals using methanol as a
catalyst in water first with platinum then with chromium (V1). The addition of methanol
increases the rate of reaction and shows the potential for ZrN in photocatalytic applications.

ZrN is compared in this chapter first with TiN to reduce platinum 4+ to the neutral form,

12



which other researchers achieved including our group.?®?* The ZrN is compared with TiO;
in the reduction of chromium (V1) in a solution of water and methanol.

In the second half of this dissertation, | developed a nanostructured yttria-stabilized
zirconia (YSZ) “Window to the Brain” which aimed to have a material that was both
optically transparent and structurally sound such that it would protect the brain if used to
replace a part of the skull. Brain health conditions are on the rise and account for more
than 15% of all health losses: even more than cardiovascular diseases and cancer.?
Furthermore, COVID is increasing the number of people developing long term brain
consequences. These chronic diseases could need to be repeatedly imaged or in need of
optical treatment that a YSZ window to the brain has the potential to provide.?

YSZ is often applied in dentistry for crowns due to its white and opaque color and like a
coffee cup, that is very hard but if it breaks it will break into a million pieces.?” The addition
of 3% by mol of Y203 to ZrO» (3YSZ) stabilizes the crystal structure in tetrahedral and the
material becomes tougher thanks to the transformation toughening.?® Add 8% by mol of
Y203 (8YSZ) and the crystal structure changes to cubic resulting in the material becoming
more brittle, a problem for a cranial implant.

As 3YSZ has the desired mechanical properties for a cranial implant, 8YSZ has the optical
properties due to its cubic isotropic structure. A major source of scattering in
nanostructured materials is there is a difference in the index of refraction going different
directions produced from different crystal structures.?® Additionally, when starting with
nanoparticles densified into a bulk solid, it is possible to keep the grains smaller than the

wavelength of light, then the light is not scattered off the boundaries.*
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Other sources of opaqueness discussed in this dissertation is the reduction of oxygen
vacancies and pores in the material from the densification process. These oxygen vacancies
and defects are spaces that can absorb light within the material and need to be annealed in
air to oxidize the material and make it more transparent.>! Pores have a different index of
fraction as the YSZ and so change the path of the light. Apetz et al. were able to develop a
theory of pore scattering using the same Mie theory as before for plasmonic nanoparticles
modeling with good accuracy the transparency of Al.Os ceramic microstructures applying
Mie theory to spherical pores.*

In chapter 4, | demonstrate controllable synthesis of YSZ nanoparticles with an aerosol
spray pyrolysis technigue that allows for the control of the crystal structure of the particles
from 3YSZ to 8YSZ and size of those particles. The synthesized nanoparticles are then
densified using a Spark Plasma Sintering method into a dense, puck-like bulk material
which is then tested for its mechanical and optical properties of YSZ. By nanostructuring
the yttria stabilized zirconia, small particles are sintered together, much like a high-tech
Mesopotamian clay brick, to optimized both the mechanical and optical properties.

In chapter 5 commercial YSZ nanoparticles densified with the current-activated pressure-
assisted (CAPAD) method is comped with in-house synthesized particles densified with
SPS. Once again, the optical properties are assessed in relation to the grain sizes of the
nanostructured material. In addition to investigation the optimization of the mechanical and
optical properties, the cytocompatibility of densified YSZ structure is investigated to

determine the potential for YSZ window to the brain.
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Chapter 2: Plasmonic Zirconium Nitride Nanoparticles for Light-driven Cr (V1)

Reduction

2.1: Introduction

Chromate and dichromate ions are common toxins found in agricultural soil, in
groundwater? and even drinking water.># Furthermore, these toxins are present and left
over from industrial processes such as metallurgy, metal plating, wood processing, leather
tanning, and metal corrosion inhibition.> The World Health Organization recommends
limiting the amount of Cr (V1) to below 0.05 mg/L in drinking and surface water.® Cr (VI)
is extremely carcinogenic’ due to its high mobility with the ability to penetrate cell walls®®
and toxic, targeting the kidneys, liver, nerves and other soft tissues.>%° However, Cr (l11)
is needed to metabolize sugars and fats'! and it appears to be a nutrient to some plants.*?
These considerations motivate the search for effective ways to reduce Cr (V1) to Cr (111).
The most effective and widely used techniques for removal and reduction of hexavalent
chromium species are membrane filtration,*® and coagulation,** while other methods have
been effective as well such as absorption with activated carbons,* biosorbants® and ion
exchange,'’ among others.'®%° Semiconductor nanoparticles have also been used to photo-
reduce Cr (V1) to Cr (111)2%-23, TiO; has received the most attention due to its photoactivity
and low costs,?>?* followed by ZnO due to its similar band gap.?® However, due to the
wide band gaps of TiO, and ZnO (3.2%° and 3.3%" eV respectively), these semiconductors

utilize only UV light, wasting the visible part of the solar spectrum.
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In recent years, there has been growing interest towards the use of plasmonic particles to
drive photochemical reactions, motivated by their inherently large extinction cross sections
which in principle allow harnessing the solar radiation in an efficient manner.?®-32 Their
properties have led to their investigation for many applications, including for
photocatalysts,®*3* photovoltaic devices,?®34% photochemistry, 3¢ surface enhanced
Raman spectroscopy (SERS),* sensing®® and biophotonics.** Gold and silver show
plasmonic resonance in the visible part of the spectrum.*? Unfortunately gold and silver are
expensive, motivating the search for alternative plasmonic materials such as oxides and
nitrides.*>* Metal nitrides exhibit plasmonic properties in the visible and near infrared
(NIR) spectrum as well as high bulk melting temperatures.*>* Several groups have
investigated the properties of titanium nitride (TiN) nanoparticles, including our own.*’
Zirconium nitride, on the other hand, has received less attention despite having a stronger
plasmonic response in the visible range compared to TiN.*° This is partially due to the fact
that ZrN in nanoparticle form is not readily available, although recent reports on the
synthesis of nitride nanoparticles via non-thermal plasmas offer a promising approach to

their preparation.*”48

The relaxation of plasmonic oscillations can lead to the formation of a non-thermal electron
energy distribution, often referred as “hot” electrons which can drive chemical reactions
and improve the efficiency of semiconductors.®>**-52 Direct charge transfer can also occur
from plasmonic nanoparticles, increasing the rates of reaction.>® However, recent papers
have interpreted the chemical activity of plasmonic nanostructures in terms of

photothermal effects, i.e. localized heating induced by the large absorption cross sections
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of these materials.>*>® It is well accepted that it is difficult to distinguish between the
photothermal and the electronic contributions to the reactivity of plasmonic

nanostructures.>®

In this work, we discuss for the first time the use of ZrN nanoparticles as a photocatalyst
to reduce Cr (V1) to Cr (I1I), demonstrating its chemical activity under visible irradiation
and confirming its potential for sustainable water treatment. ZrN plasmonic nanoparticles
are produced in house using a non-thermal plasma synthesis technique.*® We compare the
Cr (V1) reduction kinetics from plasmonic ZrN to that obtained from commonly available
TiO2 nanoparticles, and show that ZrN reduces Cr (V1) more efficiently. We observe a 90%
reduction in Cr (V1) concentration after 10 hours of illumination at 120 W/cm?. We stress
that the measurements reported here are obtained using a broadband non-coherent light
source, all while actively cooling the nanoparticle dispersion to keep it near to room
temperature. Spectrally resolved measurements conclusively confirm that Cr (VI)
photoreduction occurs when visible light is coupled to the ZrN nanoparticles. In addition,
control reduction experiments performed in the dark indicate that temperatures as high as
70°C are needed to achieve a reduction rate that is comparable to that observed under
illumination. This study not only demonstrates the potential of alternative plasmonic
materials for water treatment, but it also provides conclusive evidence of a reduction
process is mediated by photo-generated charge carriers, rather than by a photothermal

effect due to careful X-ray Photoelectron Spectroscopy (XPS) material characterizations.
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Figure 2.1. A) Photograph of the plasma reactor making ZrN nanoparticles. The furnace contains ZrCl4
which is sublimated and flows downstream to the left where the particles are collected on a stainless-steel
mesh filter. B) The cross-section efficiency for ZrN determined through the absorbance of a solution
containing .005 g/L of ZrN nanoparticles. On the Secondary Axis (right axis) the absorbance cross section
of the material is shown.

2.2: Experimental Methods
2.2.1: Synthesis of ZrN nanoparticles

Non-thermal plasma synthesis provides an innovative way to produce ultra-high purity
nitride nanoparticles that are difficult to fabricate using other methods.®”*® The non-
thermal plasma synthesis of ZrN nanoparticles is described in detail in a previous
contribution from our group.*® In summary and with a picture in figure 1, ~1000 mg of a
ZrCls solid precursor (from Alfa Aesar) is placed in a crucible inside of a tube furnace,
evacuated and heated to 185° C. 90 sccm of argon carries the sublimated ZrCls downstream
into a plasma reactor, where ammonia is injected into the reactor through an inlet after the
furnace and before the plasma as shown in figure 1. The pressure is kept at 5 torr, while a
non-thermal plasma is sustained by supplying 180 W at 13.56 MHz. The ZrN nanoparticles

are collected in a stainless-steel mesh filter downstream of the plasma volume. After
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synthesis, the particles are annealed in argon for one hour at 250° C to remove any
ammonium chloride biproducts. An image of the reactor and the cross-section efficiency
of the ZrN nanoparticles are shown in Figure 1.

The absorbance cross section was determined using the Beer Lambert Law using a
solution of .005 g/L of ZrN to minimize the contributions to scattering. The quartz
cuvette was 1 cm in path length and the absorption was measured using a double beam

scanning UV/Vis/NIR spectrophotometer (Varian Carry 500).

Gold
- \mirror

Lamp

Lens

T

Water
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Figure 2.2. Setup of photocatalytic experiments. A 500 W Hg—Xe Newport
67005 arc lamp was reflected off a gold mirror down to a solution consisting
of nanoparticles, chromium, and methanol. A water-cooling system was used
to standardize the effects of heating. A magnetic stir bar insured that the full

solution would get illuminated.
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We compare the reactivity of our ZrN nanoparticles against that of TiO2 nanoparticles. This
choice is motivated by the fact that TiO> is a ubiquitous photo-active material, therefore
providing a good benchmark. Commercially available TiO2 nanoparticles (Sigma Aldrich
part number 718467) are used for in our study. For completeness, we have also tested the
Cr (VI) reduction rate for a dispersion of commercially available gold nanoparticles (from
nanoComposix, JCP1043-MGM2238). These particles show a plasmon resonance in the
visible spectrum, therefore providing a good comparison against our ZrN alternative

plasmonic nanomaterials.

2.2.2: Photocatalytic reduction of Cr (VI)

Figure 2 displays the setup for the photocatalytic experiments. A solution of water,
particles, and Cr (VI) is placed in 20 ml glass vials, while stirring with a magnetic bar
throughout the duration of the experiment to assure uniform mixing. A glass slide is
attached at the top of the vial to prevent evaporation and at the same time, allow the light
to pass into the solution. The initial Cr (VI) concentration is 0.55 mM for all the
experiments discussed here. The vial is placed in a cooling system consisting of a large
beaker with 100 ml of water and a copper coil with flowing water around the solution. This
prevents the temperature of the sample from reaching values above 30 ° C for the entire
duration of the experiment. The samples are illuminated with a 500 W Hg—Xe arc lamplight
source (Newport 67005), using a 90-degree gold mirror and focusing the light into the

solution with a lens (focal distance f = 20 cm), as is shown in Figure 2.
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Figure 2.3. The optical spectrum of the incident light for the photocatalytic
reaction s acquired with monochromator connected to a power meter from
500 W (3 W/cm?) Hg-Xe Newport 67005 Arc Lamp.

The visible spectrum from the Hg-Xe arc lamp is measured with a Czerny-Turner
Monochromator (Horiba Scientific) connected to an optical power meter, as is shown in
figure 3. The same monochromator is used to perform the photo-reduction measurements
at selected wavelengths from 375 nm to 900 nm, to compare the response between TiO-
and ZrN. We quantify the quantum yield (Eqn. 5 below) of the reduction reaction by means
of a calibrated photodiode (DET 10A(/M) Thorlabs), with a responsivity range from 200
to 1000 nm. The radiation induced voltage of the photodiode measured with an
oscilloscope (Tektronix TDS 2024C) and armed with the knowledge of the photon energy

at the specifically selected wavelength, we are able to calculate the photon flux into the
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reaction solution. The quantum yield (Eqgn. 4) is then defined as the number of reduced Cr
(VI) molecules, calculated with the diphenyl carbazide method described below, per

absorbed photon such that the amount of reduction at selected wavelengths are comparable.

The power density of the Hg-Xe arc lamp was varied using stainless steel mesh to cast a
shadow on the reactor vial lowering the total power. We then measured the power using
the same calibrated photodiode with neutral density filters to prevent photodiode saturation
and calculated the total power from the induced voltage in the photodiode measured with

the same oscilloscope taking into account the light blocked by the neutral density filters.
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Figure 2.4. Sample absorbance spectrum using the diphenyl carbazide
method with .5mMol of Cr (VI). The absorption at 540 nm is linearly related
to the amount of Cr (V1) in the solution.
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Figure 2.5. Calibration curve for the amount of Cr (VI) using the diphenyl
carbazide method. The 1,5-Diphenylcarbazide bonds to the Cr (VI) which
absorbs light at 540 nm. The amount of absorption at 540 nm is linearly
proportional to the amount of Cr (V1) in solution.

2.2.3: Cr (V1) diphenyl carbazide method

Stock Cr (V1) solutions are prepared by dissolving 141.4 mg K>Cr.07 (Sigma-Aldrich) into
100 ml of deionized water creating a solution of 9.6 mM Cr (VI) ions. The amount of Cr
(V1) in each sample was measured at the beginning and end of the experiments, using the
diphenyl carbazide method.®° In this method, a dye along with an acid, sulfuric acid in our

case, is added to a small amount of solution. The dye forms a complex with the Cr (V1)
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ions and provides a signature absorption at 540 nm. The dye is a mixture of 250 g of 1,5-

Diphenylcarbazide dissolved in 50 ml of Acetone, both purchased from Sigma-Aldrich.

For each photocatalytic experiment, 2 aliquots of 50 ul each are removed from the
illuminated samples. The first aliquot is diluted to 5 ml by adding 4.6 ml of deionized
water, 0.250 ml of 0.5 M sulfuric acid, and then 0.1 ml of the dye solution. The second
aliquot is diluted in exactly the same way as the first one, except the dye solution is
substituted by 0.1 ml of acetone. The Cr (VI) concentration is determined by measuring
the absorbance of the diluted first aliquot, using the diluted second aliquot as reference

spectrum.

The absorption spectrum of a solution with 0.5 mMol of Cr (V1) is provided in Figure 4.
Measuring the transmittance using a broad light source (SLS201L Thorlabs) and a visible
light spectrometer (Ocean Optics USB 2000) we can calculate the absorbance of the dye

solution using equation 1:

T
A= - 10910T_ (2.1)
0
Where the control with acetone is called To, and then the solution with the dye is T. The
dye solution, 250 g of 1,5-Diphenylcarbazide dissolved in 50 ml of Acetone, bonds with
the Cr (V1) ions to show a strong absorption at around 540 nm. This peak absorbance can
be used to determine the amount of Cr (V1) in solution after creating a calibration curve

shown below.
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The diphenyl carbazide method relies on the complexing between 1,5-Diphenylcarbazide
and Cr (V1), which turns the solution pink-like color and provides a clear absorption peak
at 540 nm. The absorbance at 540 nm is linearly proportional to the amount of Cr (V1), as

shown in figure 5.

Using Stock Cr (V1) solutions prepared by dissolving 141.4 mg K>Cr.07 (Sigma-Aldrich)
into 100 ml of deionized water creating a solution of 9.6 mM Cr (V1) ions we created a
number of solutions with concentrations between 0 and 1.6 mMol of Cr (VI). Then we
measured the absorption of the solutions at 540 nm and plotted that along with the known
Cr (V1) concentration to create a linear calibration curve that could be used to determine

the amount of Cr (V1) in our experiments.

2.2.4: X-ray Photoelectron Spectroscopy (XPS) Measurements

We performed XPS measurements to monitor any changes to the particle chemical
composition that may occur during the photoreduction experiments using a Kratos
Analytical Axis Ultra Delay-Line Detector Imaging XPS. Samples were processed for 5
hours without illumination nor heat (“Control” sample), under illumination (“Light”
sample), and while heating to 70°C without illumination (“Heat” sample). The samples
were then rinsed with DI water and dried in vacuum for 48 hours before performing XPS
measurements to determine whether the chemical composition of the ZrN particles changed

during the Cr (V1) reduction.
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Figure 2.6. A) XRD analysis of ZrN nanoparticles confirming a cubic structure and particle size of
roughly 10 nm. B) TEM image of ZrN nanopatrticles, where a particle size of ~10 nm and spherical a is
confirmed.

2.3: Results and Discussion
2.3.1: Material Characterization

Figure 6 displays the material characterization of non-thermal plasma synthetized ZrN,
used in this photochemical study. The XRD pattern in Figure 6A, confirm the cubic
structure of ZrN with the 111, 200, 220 and 311 peaks at 34°, 39°, 56° and 67° degrees
respectively.5! The small shoulder on the 111 peak at 30 degrees and the peak at 50 degrees,
indicate the formation of an oxide shell around the particles when they are exposed to air,
consistent with our previous findings.*® We estimate a particle size of ~10 nm using
Scherrer analysis of the XRD plot, and can be further observed in the TEM micrograph of

Figure 6B.
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Figure 2.7. The absorbance of ZrN (Black) and TiO2 (Red) at a concentration of
.005 g/L measured with a US-Vis-NIR Cary 5000 spectrometer.

The absorbance cross section shown in figurel was obtained by measuring the absorbance
of .005 g/L ZrN nanoparticles in a solution of water, contained in a 1 cm length quartz
cuvette, using a double beam scanning UV/Vis/NIR spectrophotometer (Varian Carry
500). The absorption efficiency of the synthesized ZrN nanoparticles, defined as the ratio
between the light absorption cross section and the physical cross section for a spherical 10
nm particles (7.85 x 10® cm?), are determined via Beer Lambert Law. The solution was
diluted to .005 g/L to be optically clear, minimizing the contribution of scattering to

measure the cross section and the absorption is shown in figure 7.
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The absorbance cross section was calculated to be on the order of 101 cm? which agrees
well with previously reported values for a 10 nm ZrN nanoparticle.®? The broad peak in
the visible part of the spectrum at 600 nm is induced by the material’s plasmonic
response, as carefully verified and discussed in our previous contribution.*® As a
comparison, the absorption cross section for a ~21 nm TiO; particle is about 1.00 x 101
cm? in the UV region of the spectrum, with negligible absorbance in the visible because
of the wide band gap of the material and peak absorption around 387 nm.5364
Furthermore, gold has its peak absorption at 540 nm and is known to have a large

absorption cross section in the visible part of the region on the order of 10-1° ¢cm?2.%°
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Figure 2.8. Absorbance of 1 g/L of TiO; (Red) and ZrN (Black).




2.3.2: Photocatalytic reduction experiments of Cr (VI)

The Cr (VI) reduction kinetics between ZrN, TiO2 and Au plasmonic nanomaterials is
compared to determine both how ZrN is measured against a standard semiconductor
photocatalysis (TiO) as well as a plasmonic photocatalyst (Au). The three nanomaterials

are all spherical with sizes of 10 nm, 21 nm and 50 nm for ZrN, TiO2 and Au respectively.

For these measurements, the nanoparticle concentration is 1 g/L for all samples, the light
intensity is 120 W/cm? and the initial Cr (V1) concentration is 0.55 mM. The reduction rate
without any particles is also measured as control. At this concentration, the solution is
optically thick, meaning all of the light delivered to the samples is absorbed and utilized to
drive the photochemical reduction process as shown in figure 8. The variation in Cr (V1)
concentration when mixed with ZrN, TiO2 or Au particles, under illumination, is shown in
Figure 9a. In summary, 6 aliquots are removed, to calculate the Cr (V1) concentration 3
times (2 aliquots are needed to determine the absorption) and estimate an error, as described
above for different light exposure times. The final Cr (V1) concentrations are normalized

over the initial Cr (V1) concentration.

A clear decrease in Cr (VI) concentration is observed when in the presence of illuminated
TiO2 or ZrN nanoparticles. We find that the rate of reduction is faster for the ZrN solution.
After 3 hours, more than 30% of the Cr (V1) ions have been reduced for the case of ZrN
compared to roughly 20% for the case of TiO2. Furthermore, after 10 hours, 90%, of the
Cr (VI) was reduced with ZrN compared with only 50% of the Cr (V1) with TiO2. Similar

results have been reported by Valari et al., where they use the same amount of titania
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powders and methanol in the solution to speed the reaction, enabling reduction over 30%
of Cr (V1) within two hours.?? As was mentioned previously, in our experiments we did
not include methanol in the solution for any of the photocatalytic experiments, since its
toxicity represents a great disadvantage in real-life water treatment processes. In addition,
it should be noted that our measurements are performed at a pH of 5, which is expected to

lead to a slower reduction rate than the pH of 2.5 used by Valari et al.

In a previous study, Ku et al. 2001 found that the rate of photoreduction can be represented

with a pseudo-first-order Langmuir-Hinshelwood kinetics expression:©®

|G =t 22)
Where Kreq is the photocatalytic reduction rate constant and t is the illumination time in
minutes. When applying this expression to our measurements, we find the rate constant to
be 0.0032 min for ZrN and 0.0013 min* for TiO,. Ku et al. observed a slightly higher rate

constant for TiO, (.057 min) for conditions similar to ours but should be noted the pH

value was 3.56

Overall, these results confirm that both TiO2 and ZrN can drive the photoreduction of Cr
(V1) ions to Cr (I11). The photoreduction is expected to proceed via the formation of charge
carriers in the active material, followed by their reaction with surface-bound Cr (V1) ions.

The reduction of Cr (V1) to Cr (111) requires three electrons per Cr (V1) ion:?

Cr,0%~ + 14H* + 6e~ - 2Cr3* + 7H,0 (2.3)

For the oxidation half-reaction, water is oxidized to balance.?
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2H,0 + 4h* > 0, + 4H* (2.4)

We should point out that there is a no measurable reduction of Cr (V1) in the control
sample nor in the sample of Au nanoparticles. While ZrN and TiO2 were bare particles,
we suspect that the inability of Au particles to reduce any Cr (V1) was due to a polymer
surfactant in addition to being unstable under the intensity of light, however this is
outside the scope of this paper.%” As we show below (Figure 14), ZrN does not show any

signs of degradation or oxidation when irradiated on for the duration of experiments.

Additionally, we performed the same photocatalytic reduction experiment with TiO2 and
ZrN to with 500 mg/L of particles in solution to determine the effect of particle load on Cr
(V1) reduction shown in Figure 11. The reduction rate was very similar when using 1 g/L
of particles, values of .0038 min? and .0015 min* were measured for ZrN and TiO2
respectively showing the solution is still optically thick and using the same number of

photons to drive the reaction.

We test our hypothesis that the superior reduction rate of ZrN nanoparticles, compared to
TiO2 is due to its capability to absorb the visible part of the spectrum. We have performed
Cr (V1) reduction experiments with ZrN and TiO», at a concentration of 500 mg/L using a
monochromator to spectrally resolve the radiation from our broadband light source. The
solutions are illuminated for 1 hour at selected wavelengths in the visible part of the

spectrum to determine why ZrN is performing better than TiO..
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Figure 2.9. A) Cr (VI) Reduction study illuminated with 119 W/cm? shows how the Cr (VI) reduction
compares with 1 g/L of ZrN (Black Squares), 1 g/L of TiO (Red Circles) and No Particles (Blue
Triangles). B) Action Plot showing the Quantum Yield for ZrN (Black Squares) and TiO; (Red Circles)
with spectrally selected radiation using a monochromator. Each sample was illuminated for 1 hour at
each wavelength with 500 mg/L of nanoparticles in solution. C) The power study shows how the
reduction of Cr (VI) increases with increased power density during the first 15 min of illumination
with 500 mg/L of particles. ZrN (Black Squares)
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216
function y = Ax® where A = .0004[$ (%) ] and b =.6.
In figure 9b, we plot the quantum yield of the reduction process at selected excitation
wavelengths in the visible part of the spectrum. By calculating the quantum vyield, we
provide a measure of the internal efficiency with which the material utilizes incoming

photons of different energies. The quantum yield (QY) is calculated using the measured

photon flux as described above and the equation from Li et al:?°

# ions reduced

Quantum yield = (2.5)

# absorbed photons

Figure 9b shows the QY as a function of excitation wavelength for ZrN and TiO,. As

expected, illumination of TiO2 below its bandgap results in no detectable reduction of Cr
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(VI). On the other hand, we observe a reasonably high internal QY for the case of ZrN,
peaking at ~.6% at 600 nm where the peak absorption is for ZrN. Most importantly, the
QY for ZrN is measurable using visible light confirming that the photoreduction process is
initiated by visible radiation which couples into the material via its inherent plasmonic
response. Both ZrN and TiO- increase their QY in the UV part of the spectrum as compared

with 400 nm which is expected as the radiation has higher energy.
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Figure 2.11. Cr (VI) Reduction study illuminated with 119 W/cm2 shows of
the Cr (VI) reduction compares with 500 mg/L of ZrN (Black squares) and
TiO2 (Red circles).

To further investigate the origin of the photoreduction mechanism for these two materials,
we have measured the kinetics of photoreduction as a function of input photon flux. The

results are shown in Figure 9C, in which we plot the initial reduction rate of Cr (VI)
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observed in 15 min of illumination, as a function of optical power density. For these
measurements, the particle concentration is 500 mg/L ZrN. As is evident in Figure 9c, the
reduction rate for ZrN increased with the power density. The kinetic photoreduction rate
constant calculated from Equation 1 increased from .0013 to .0086 min™ for ZrN as the
power increased from roughly 8 W/cm? to 120 W/cm?, more than an order of magnitude

while the photoreduction rate constant is independent of temperature for TiOa.

We therefore observe a sublinear dependence of photocatalytic rate on intensity with ZrN
(rate oc intensity”, with n < 1), where in our case n = .6 as shown in figure 10. As the photon
flux increases, the rise in material excitation competes with an increased rate of
recombination of the photo-generated carriers, limiting the gain in photoreduction rate and
leading to a sublinear dependence. By fitting the data with a power law rather than a linear
fit, we are able to compare our results with a thermally driven chemical reaction that would
follow an Arrhenius or exponential distribution as others have shown to be with plasmonic
photocatalysts. In this way, A is the temperature independent constant for the chemical
reaction that depends on the particular reactants (size, shape, density, energy transfer rates,

etc.) and collision theory.

For comparison, we find that the n = .2 for TiO but statistically the rate is independent of
light at high intensity. This was previously confirmed in the literature by Sakthivel et al.
that the reaction rate as a function of light intensity with TiO, starts off with a linear
dependence at low intensity, transitioning to a square root dependence and finally a rate

independent of light intensity at higher intensities.®® In the range of light intensities we are
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using (10-120 W/cm?), we expect that the rate would be independent of light intensity for

TiOo.
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Figure 2.12. A) Reduction of Cr (VI) in a solution with 500 mg/L of ZrN particles in the dark and placed in a water
bath at 70 C (Black squares) and 50 C (Red Circles) B) Increase in temperature measured with a thermocouple in a
solution of particles in water illuminated with 119 W/cm2 (Black squares) and 52 W/cm2 (Red circles)

Nevertheless, linear, or weakly sublinear trend as a function of light intensity with ZrN is
consistent with an electronic excitation mechanism, in which the reduction is promoted by
charge carriers as opposed to a thermally driven (photothermal) process. An exponential
dependence would be expected for the case in which the incoming photons are simply
converted to thermal energy, with the increase in particle temperature then driving the
reaction.>®> We clearly do not observe this in our experiments. In addition, as was
mentioned in the experiment section, a cooling coil is used to keep the bulk temperature
constant in the solution reaching a maximum value of 28°C for all the measurements

(displayed in figure 12b).
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The results presented so far show that ZrN has the capability of reducing Cr (V1) ions under
illumination with visible light. Next, we investigate whether this behavior can be attributed
to a photothermal effect by determining the temperature that would reduce Cr (VI) at a

similar rate.

In this study, we placed a solution of 500 mg/L of ZrN particles into a vial wrapped in
aluminum foil to block any light from catalyzing the reaction. Then, we placed the covered
vial into a water bath, and the temperature was measured with a thermocouple reaching
50°C and 70°C stabilized on a hot plate. The data shows a rate of reduction to be .002 min
1 when the water bath was placed at 70°C, as shown in figure 12A, about 33% less than the

rate when illuminated with 119 W/cm?.

However, placing the same solution into a water bath at 50°C, still 20°C more than we
measured with a thermocouple during photocatalytic reduction experiments, we observe
that 30% of the Cr (V1) was reduced in 7 hours. At much higher temperatures, over 100°C,
Cr (V1) has been known to reduce to Cr (111) with heat and leach onto other materials as
well.87° To account for any reduction of Cr(VI) due to heating, we performed the same
experiment without particles but did not see any reduction. Isolating the effects of
temperature, these results indicate that the particles must reach a temperature of 70 °C to

get similar amount of reduction as with a light intensity of 119 W/cm?.

To determine the role of temperature played in the reduction of Cr (VI), we measured the
temperature of the solution with a K-type thermocouple during illumination. Figure 12b

compares the increase in temperature due to a moderate illumination intensity of 50 W/cm?
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with the highest value 120 W/cm?. As shown, the temperature remains up to 28°C due
during the entire experiment, due the water bath and cooling coil set it up for the reaction

process.

As stated earlier, the mechanism with which plasmonic nanoparticles photocatalyzed
reaction is still debated among the community. Dubi et al. use a theory of illumination
induced heating to replot data from important papers in the field showing that different
reactions could be explained with photothermal effects for example: H. disassociation with
Au nanoparticles imbedded in TiO2 and SiO2, Oz dissociation in ethylene epoxidation, and
H. production.®® In addition to the group mentioned above, Baffou et al. also describe
experimental procedures and common mistakes in trying to disentangle the photothermal

and photoelectric effects.®"!
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Figure 2.13. Z-scan measurement and table of nonlinear Coefficients for ZrN
compared with Au and TiO2 from Z-scan shown. Measurements were taken with a
laser at 1,064 nm (A12-10-1,064-CTAB-DIH-Bulk) laser. The table displays the non-

linear coefficient [mm/W].
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We performed Z-scan measurements to quantify potential non-linear effects in the optical
response of ZrN that would result in particle heating. Nonlinear absorption of plasmonic

materials explain the small amount of particle heating and higher water temperature.’

The nonlinear absorption properties of nanoparticles are investigated using the Z-scan
method using a 1064 nm 6 ns Nd:YAG (Surelite, Amplitude, Germany) pulsed laser and
compared with previous work from our group.” As a cuvette containing particles in water
solution is moved across a Z-micrometer stage in the longitudinal direction of the laser.
The cuvette starts out of the laser focal point but is moved into the focal point at distance
0. The transmission of light through the cuvette is measured as a function of the cuvette
position in relation to the focal point. The beam intensity is measured simultaneously by
two identical photodiodes attached to an integrating sphere connected to an oscilloscope

taking samples at 2.5 GHz.

The normalized transmittance is used to calculate the Absorption coefficient a(1):"

m
aLeffIO
i2
1+j
o A o 7/

1
Io Zm:o m+1

(2.6)

e7®h is the effective length, L is the length of the sample, lo is the peak

Xo

Where Lesr =

intensity at the focal point, z is the longitudinal displacement, Zo is the Rayleigh range and
@, is the linear absorption coefficient of the solution. The values shown in the table above

were calculated using this question.
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The nonlinear coefficient was the same order of magnitude to that of gold but one order of
magnitude lower than TiN and shown in the Table in figure 13.”® The measured non-linear
absorption coefficient is smaller than previously reported values or TiN, although we
should note that it may be higher when probed with a laser excitation that overlaps with
the plasmonic response of the material. Nevertheless, non-linear effects are not expected

to play a role in the photoreduction process at the photon fluxes utilized here.

Furthermore, we used a modified equation 7 from Un et al.”™ where we use the interfacial
heat transfer coefficient between water and a nanoparticle and the surface area of that

particle:

- Cabslinc
Typ =Ty + pr (2.7)
Where Tnp is the nanoparticles temperature, Tw is the ambient temperature of the water,

Cabs is the absorption cross-section, Ky is the interfacial heat transfer coefficient between
water and a nanoparticle (100 %)76 and A is the surface area of the particle to calculate

potential increase in particle temperature at the intensities used in the photocatalytic
experiments. We determine that the temperature of the particle to be .000003 Kelvin above
the temperature of the water, essentially at thermal equilibrium. This result is expected due
to the continuous wave illumination and fast heat transfer to the surroundings supporting
the argument and providing additional evidence that the particles are not heating to a
temperature, 70°C that would be needed to drive the chemistry at a similar rate as
illumination. Both measuring and calculating the particles to be at thermal equilibrium with

the water rules out any major contributions from temperature to the reduction of Cr (V1).
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Figure 2.14. A) The Normalized Extinction of ZrN nanoparticles before and after getting illuminated with
50 W/cm? in water for 5 hours. B) XPS data showing the 3d binding energy for ZrN in a solution with Cr
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Figure 2.15. Full XPS Spectrum for ZrN as a function of binding energy when in solution with
Cr (V1) and exposed to light (Black), Dark (Red) and Dark + Heat placed in a 50 °C water bath
(Blue). Table of Surface atomic composition percentages for ZrN after exposed to light for 5
hours in solution with Cr (VI) exposed to Light, Dark and Dark + Heat in 50°C water bath.

To determine whether ZrN was getting oxidized or degrading due to the illumination, we
measured the extinction spectra before and after irradiating the particles in solution with

an intensity of 50 W/cm? during 5 hours. As shown above in figure 14a, the extinction
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spectra did not change. If it were the case that the particles were oxidizing, we would expect
the extinction peak to broaden and red shift as literature suggests would happen when
plasmonic particles oxidize.*® Similar results were obtained at higher power, 120 W/cm?

with virtually no change in the extinction spectra.

Full X-ray photoelectron spectroscopy (XPS) spectrum is shown in figure 15 in addition to
table showing the atomic percentage of Zr, O, N and Cr which show that ZrN was
unchanged during the photocatalytic experiments. The large amount of oxygen content,
roughly 66% for all samples, comes from the XPS focus on surface contents and consistent

with the oxygen shell of our ZrN nanoparticles.

Furthermore, XPS was performed on ZrN particle to further determine whether or not ZrN
was participating in the reaction to reduce Cr (V1). Figure 14b displays the peaks from ZrN
featuring the 3d 3/2 and 5/2 respectively at 182 eV and 185 eV consistent with previous
literature.”” As you can see, there is virtually no difference on the surface of ZrN particles
whether they are exposed to light or heat. The same experiments were performed with and
without Cr (V1) but showed no change. This shows a remarkable stability for ZrN during

photocatalysis and the potential to efficiently use light.”

Those two peaks at 182 and 185 are convoluted between ZrO and ZrN 3d 3/2 and 5/2
bonds. In figure 15, fittings of the 3d 5/2 and 3/2 binding energies for the Zr-O and Zr-N
respectively performed after subtracting the baseline using the Tougaard’s method. The
surface oxidation is displayed with the higher intensity of the Zr-O fittings. The Zr-N

binding energies are at 180.3 and 182.7 for the 3d 5/2 and 3/2 respectively with a standard
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distance of 2.4 eV apart similarly with the Zr-O peaks at 182 and 184.4 eV.”” There was

no difference in the samples between Control, Light and Heat and the XPS spectra is

consistent with our previous report on ZrN.*8

The important analysis is that the particles do not show any change in surface composition
regardless of the catalytic conditions supporting the conclusion that the photocatalytic

reduction of Cr (VI) with ZrN is using an electronic mechanism and not oxidizing to

participate in the reaction.
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Figure 2.16. XPS data of ZrN particle control (black) showing the 3d
binding energies with the Zr-N (blue) and Zr-O (green) for the 3d 5/2 and
3/2 bonds. The cumulative fit shown in red.
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2.4: Conclusions

We have demonstrated that plasmonic ZrN nanoparticles can effectively reduce Cr (V1)
ions by utilizing visible light. Compared to TiO2 nanoparticles, ZrN achieved faster
reduction kinetics and a reasonable internal quantum yield even in the visible part of the
spectrum. ZrN is abundant and low-cost, especially when compared to other plasmonic
materials such as gold and silver. ZrN nanoparticles of high quality can be produced using
a low-temperature plasma approach, i.e., an easy-to-use system. We have also found a sub-
linear dependence on the reduction kinetics with the illumination power, which is not
consistent with a photo-thermal effect but rather with the photo-generation of charge
carriers. Additionally, material characterization before and after reactions shows that ZrN

is not participating in the reaction but just introducing charge carriers.

To further rule out any major photothermal contributions to the chemistry, we determined
that the particles must reach a temperature of 70°C to have a similar reduction rate as with
illumination. This is consistent with literature that under continuous wave illumination,
nanoparticles will quickly reach thermal equilibrium with the surrounding solution.
Overall, these results provide additional convincing evidence of the great potential of
alternative plasmonic materials for applications in photochemistry. In particular, their
abundance and ability to use the solar spectrum make them an attractive platform for water

treatment applications.
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Chapter 3: Plasmonic Nanoparticle Photochemistry with Methanol

3.1: Introduction

In addition to contributing to public health by reducing carcinogens out of water, plasmonic
particles have the potential to efficiently photocatalyzed other necessary chemical reactions
as well. It is not only energy production that relies heavily relies on fossil fuels but also
producing chemicals for moder life such as ammonia, chlorine, among others requires
inputting energy to overcome the activation energies. The energy required to produce
nitrogen and hydrogen is in addition to the fact that ammonia production accounts for 1-
2% of global energy consumption, 3% of global carbon emissions and 3-5% of natural gas

consumption.t

The world population has been able to increase as much as it has is due to the production
of ammonia which is a critical fertilizer for growing crops providing nitrogen to the soil.
The current production method is the Haber-Bosch which creates ammonia from Nitrogen
and Hydrogen but since the reaction is decreasing in entropy or the number of molecules,
even though the process is exothermic it is not easy to facilitate. The process is so energy
intensive that the catalyst is of utmost importance because the whole.

Plasmonic materials are able to convert visible radiation to chemical energy to potentially
reduce the energy to produce nitrogen, hydrogen and then ammonia. Plasmonic
nanoparticles use LSPR relaxation through Landau damping that happens during the first

100 fs and produces an electric field to the localized medium providing a direct charge
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transfer under the right conditions.? After around 100 fs, the plasmonic nanoparticle
provides thermal energy to its surroundings.

Experimental researcher to deconvolve the photocatalyctic mechanisms of plasmonic
particles between the thermal and electric mechanisms is ongoing in the field. Recently, a
theory  considering only photothermal processes described the increased catalytic
performance with plasmonic nanoparticles.®> The group argued that experimental errors
resulted in the underestimation of the photothermal effects in some cases and in others the
increased photocatalyctic activity when comparing light and dark conditions did not agree
with the increase in hot electrons.*®> A number of papers have also shown that the effect of
the thermal gradient surrounding the particles complicates the ability to measure the
particle temperature (with thermocouples), while the reaction is taking place and could play
a crucial part in the catalytic process. 82

The purely photothermal theory provided is in better agreement with the original data
published with a minimum number of fit parameters.® Thermal chemical reactions are

catalyzed by temperature according to Arrhenius law:

R =Ry exp (— leaT) (3.1)
Where ky is the Boltzmann constant, ¢, is the reaction activation energy, T is the
temperature of the reactor and Ry is a constant that depends on the details of the reactants.
The Arrhenius’ law applies with bulk solution reactions and is a measure of the average

temperature but at the nanoscale surrounding the particles in plasmonic photocatalytic

reactions, there could be large gradients surrounding the particle due to its LSPR response.
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To account for a possible thermal gradient in the near field of the nanoparticles, Dubi argue
that the temperature dependence of the rate of reaction using Arrhenius’ law, the
temperature must be shifted like:*

T(Iinc) = Taark + Alinc (32)

Where Tgark IS the temperature in the dark with no illumination, « is the photothermal
conversion coefficient and I;,,. is the intensity of illumination.

Refitting the previously published data, the increased catalectic performance, originally
explained due to increased light intensity, could be accounted for by an increase in
temperature to drive the reaction.® This result highlights how the photothermal effect
among others of plasmonic nanoparticles should be investigated. Direct electron transfer
or hot electron energy transfer could be a driving mechanism for plasmonic catalysts in
some reactions, for instance research suggests in oxidation-reduction reactions charge
transfer is the specific pathway.® The experimental problem lies in trying to measure the
temperature of the particle during a light-matter interaction.

The surface area to volume ratio is another property of plasmonic materials that can be
leveraged as a photocatalyst. The LSPR field lines are located on the surface of the particle
and chemical reactions progress on the surface of the particles as well. The larger surface
area provides more opportunities for chemistry to proceed making the overall process more
efficient as well as providing a larger area for biomedical applications like drug delivery

and biosensing.

The work here provides a foundation for using an alternative plasmonic material like ZrN

for photochemical applications. First, I show that both ZrN and TiN are viable candidates
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as for photocatalytic applications with ZrN being more efficient at reducing platinum 4+
to platinum. Then photocatalytic experiments are done to compare the photocatalytic
efficiencies between ZrN and TiO2 to reduce the carcinogen chromium (V1) to chromium
(). As semiconductors are also able to use radiation with energies higher than the
material’s bandgap to create chemical energy, I show that ZrN is able to use both UV

radiation as well as visible light more efficient TiO».

600 nm
long pass 900 nm
— filter short pass
filter — 7,N/TiN +
Hg'XL; HthCl6 + H20 +
lamp . — MeOH
— N stir bar

Figure 3.1. The experimental setup for Pt deposition experiments. Light from a 500 W Hg-Xe Newport
67005 arc Lamp was filtered to only include the visible spectrum (600-900 nm) to illuminate a reaction
vial containing a 90:10 volume ratio of Water to methanol, ZrN or TiN nanoparticles, and 70 uM of
H,PtCle.

3.2: Platinum Experimental Methods

Platinum photo deposition experiments were performed using a 500 W Hg-Xe Newport
67005 arc lamp to illuminate the samples. The spectrum of light coming from the arc lamp
is the same as shown in figure 3 in chapter 2. A solution of alternative plasmonic
nanoparticles (TiN or ZrN), water, methanol and H2PtCle is placed in a reaction vial. As

displayed in figure 1 above, the lamp was placed 23 cm away from the reaction vial and
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full spectrum of light was filtered with two optical filters (600 nm long pass filter and a
900 nm short pass filter from Edmund Optics) to isolate visible part of the spectrum from
600 nm to 900 nm. In another experiment with a similar setup, we spectrally resolved the
incoming light to isolate specific wavelengths within the visible part of the spectrum using
a Monochromator (Horiba Scientific) to determine the photodeposition rate as a function
of wavelength.

The reaction vial was 20 ml in total containing 90% by volume H20, 10% by methanol. 160
uM of particles is added to the solution. After sonicating the vial for 10 min to ensure a
homogonous mixture, HoPtCls was added at a concentration of 70 uM. Control samples
were immediately wrapped in aluminum foil to prevent any illumination. The maximum
temperature achieved during illumination was 40°C. Control samples were covered in
aluminum were placed on a hot plate at 40°C to determine whether temperature played a
significant role in the deposition of Pt onto the particles. Different samples were
illuminated for 0, 30, 60, 120 and 240 minutes The pH was 4.0 for all the experiments.
After illumination, the solution in the vial was transferred to a centrifuge tube. The sample
was washed in the centrifuge 3 times using distilled H20 to remove and leftover remains
from the reaction and leave only the Pt deposited on to the particles. TEM samples were
prepared by drop casting the centrifuge rinsed particles onto a lacey carbon copper grid.
The high-resolution TEM images were obtained with an FEI Titan Themis 300 instrument
with energy dispersive X-ray spectroscopy (EDX) capabilities for elemental mapping.
EDX characterization was performed with an FEI Nova Nano-SEM450 system with an

Oxford Instruments Aztec Synergy software and an X-max 50 mm? detector with
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resolution of 127 nm at Mn Ka. The working distance and accelerating voltage were kept

at 5 mm and 20 kV respectively.

3

<

«

=

2

<

=

350 450 550 650 750 850 9501050115012501350
= Wavelength (nm)

w=ZrN e==TiN

Figure 3.2. The absorbance spectrum of ZrN (blue) and TiN (red) measured with a UV-Vis spectrometer.
The grey area illustrates the wavelengths that entered into the solution for the pt deposition experiments

3.3: Platinum Results and Discussion

Figure 2 shows a comparison of the extinction spectra for house made ZrN and TiN
nanoparticles. As shown in the figure, the ZrN nanoparticles have a more intense extinction
peak centered around 600 nm. TiN has a red-shifted peak centered around 800 nm
extinction spectra that is broader than ZrN. The absorption spreads into the NIR window
where light is able to pass through skin and tissues without damaging.'® This property
shows the potential for TiN to be a good material for bio applications using wavelengths
in the N. The shaded region shows the part of the spectrum that will reach the particles due

to the filters.
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Only the wavelengths from 600-900 nm will reach the reaction vial due to the filters. This
IS so that the visible part of the spectrum could be isolated to measure the photochemistry
potential without using light energetic enough, below 600 nm, to support interband
transitions in the material.!*
Inside the reaction vial, the Pt ion in H2PtCle is missing four electrons that must be acquired
to reduce Pt to its metallic state. Methanol is used as a sacrificial electron doner to enhance
the speed of the reaction rather than requiring the oxidation of water.'? The light-matter
interaction with the plasmonic nanoparticles facilitates the reduction of Pt in the following
reaction:

PtCl*™ +4e~ » Pt + 6Cl- (3)
While the other half reaction oxidizing methanol goes as:

CH3;0H + H,0 + 6h* - CO, + 6H* (4)
The oxidation of methanol is well characterized and studied using TiO> that was
platinized'* as well as using TiO, supported ZrN and TiN.%®> We suspect that the 6 protons

in reaction 2 combine with the CI" in reaction 1 to form HCL in the solution.

Figure 3 displays the high-resolution TEM images of ZrN nanoparticle before 0 min and
after 240 minutes of the postdeposition experiment. The 20 ml vials contained deionized
water, 2 ml of methanol (10% by volume), 70 uM of H2PtClsand 160 uM of ZrN particles
was exposed to light to photo deposit the Pt for the duration of 240 minutes. After
illumination, the samples were carefully washed with deionized water and centrifuged

three times to remove any contaminants.
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20

Figure 3.3. TEM Images of ZrN nanoparticles centrifuged and washed after getting illuminated with visible light for A)
0 min and B) 240 min. The small black specs in B) are Pt deposited on to the ZrN nanopatrticles.

As shown from the images, small black Pt clusters are not on the particles at 0 min but after
240 min they cover the particles. The reduction of Pt** to Pt removes the ions from solution
onto the ZrN particles. The illumination is only using wavelengths between 600 and 900
nm highlighting the ability of ZrN to perform photochemistry with visible wavelengths that
cannot induce interband transitions.

To see how much the Pt deposition increased in time we compare the atomic ration of
photodeposition of Pt to TiN/ZrN particles. Figure 4 shows how the photodeposition ratio
increases after the solutions were illuminated for 30, 60, 120 and 240 minutes. Once again,
the reaction vial is illuminated with only visible wavelengths (600-900 nm). The 240 min

sample is the same sample for ZrN in figure 4 is shown with TEM in figure 3.
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After illumination of the samples was complete, the vials were again centrifuged and
washed with water three times to remove any potential contaminants and leave only the
photo deposited Pt and TiN nanoparticle to perform EDX measurements to determine the
atomic ratio between Pt and Ti/Zr such that the photo deposition rates could be compared.

It is clear that the ZrN is much more efficient in the reduction of platinum over time.
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Figure 3.4. Displays the Pt-Zr (Ti) atomic ratio as a function of photo plating time from
photons with wavelengths between 600-900 nm. As the time of illumination is increased the
amount of Pt deposited onto the particles also increases. The figure shows ZrN particles
reduce Pt more efficiently than TiN.
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Figure 3.5. Absorption of ZrN nanoparticles plotted on top of an action plot
showing the Pt-Zr ratio (Red circles) for with spectrally selected radiation using
a monochromator. The absorption spectrum closely follows the Pt-Zr ratio
providing evidence for plasmonic driven photochemistry. Each sample was
illuminated for 1 hour at each wavelength.

Finally, in figure 5, we use a monochromator to spectrally select wavelengths from 350-
900 nm to see how the plasmonic response of ZrN would affect the photo deposition rate.
Each sample was illuminated for 1 hour at each wavelength using the same procedure as
before. The 20 ml vials contained 10% volume of methanol, 70 uM of chloroplatinic acid,
and a ZrN particle concentration of 160 uM. The absorbance spectrum is shown on the left
axis while the Pt-Zr ratio is on the right. As shown in the figure, the absorbance spectrum
of ZrN closely correlates with the Pt-Zr ratio providing significant evidence for ZrN as a

plasmon driven photocatalyst.
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3.4: Cr (VI) Experimental Methods

The experimental setup for these experiments was exactly the same as the one described in
chapter 2. Figure 2 of chapter 2 shows the setup for the experiment with the only difference
being that the solution also contained 5% methanol by volume to facilitate the reaction. As
the previous experiments, the concentration of chromium (V1) was determined with the

diphenyl carbazide method.
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Figure 3.6. Cr (VI) Reduction Time Study. Solution of Particles, Methanol and Cr
(V1) was illuminated with 3 W/cm? to compare the reduction speed with No particles
(Blue Triangles), 1 g/L of TiO2 nanoparticles (Red Circles), and 1 g/L ZrN (Black
Squares). The photoreduction was fitted with an exponential decay function for ZrN
(Black line) and TiO- (Red line).
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3.5: Cr (VI) Reduction Results and Discussion

First, we compared the Cr (V1) reduction kinetics between ZrN and TiO2. The results of
this experiment are shown in Figure 6. The nanoparticle concentration is 1 g/L for both
samples. The solutions are optically thick as in the previous experiment meaning no light
is passing through the solution. Figure 6 shows the change in the Cr (VI) concentration
during light exposure measured using the colorimetric method described earlier. The initial
Cr (V1) concentration for all these measurements is 0.55 mM. The measurements shown in
Figure 6 are normalized to the initial Cr (V1) concentration.

Absorption of photons by either ZrN or TiO2 nanoparticles provides the energy to create
electron hole pairs, while the presence of methanol, acting as a hole scavenger, reduces the
energy barrier of the oxidation reaction and decreases the rate of charge recombination in
the material.*>'"® The concentration of Cr (VI) is measured by the diphenyl carbazide
method?®, before and after illumination for different light exposure times. A clear decrease
in Cr (V1) concentration is observed when TiO2 or ZrN nanoparticles are illuminated. We
find that the rate of reduction is faster for the ZrN solution. After 3 hours, more than 80%
of the Cr (V1) ions have been reduced for the case of ZrN compared to roughly 60% for
the case of TiO2. Similar results have been reported by Valari et al., where they use the
same amount of titania powders but less methanol in the solution, showing a reduction to
30% of Cr (VI) within two hours.*’ It should be noted that our measurements are performed
at a pH of 5, which is expected to lead to a slower reduction rate than the pH of 2.5 used

by Valari et al.
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Ku et al. 2001 found that the rate of photoreduction can be fit properly with a pseudo-first-

order Langmuir-Hinshelwood kinetics expression:*°

cr(VDol _
n[Cr (w)] = ky oyt (3.5)

Where Kreq is the photocatalytic reduction rate constant and t is the illumination time in
minutes. When applying this expression to our measurements, we find the initial rate to be
0.022 min* for ZrN and 0.012 min™* for TiO>. In close conditions, Ku et al. found that the
rate constant was similar to ours for TiO,.1° The rate slowed to .015 and .007 min* for ZrN
and TiO> respectively in the last 90 minutes of illumination, with ZrN continuing to have
twice the rate constant of TiO>. The rate constant for the control remained at about 0.002

min! for the duration of the exposure time.

Overall, these results confirm that both TiO2 and ZrN can drive the photoreduction of Cr
(V1) ions to Cr (I11). The photoreduction is expected to proceed via the formation of charge
carriers in the active material, followed by their reaction with surface-bound Cr (V1) ions.

The reduction of Cr (V1) to Cr (111) requires three electrons per Cr (V1) ion:*’

Cr,0%~ + 14HY + 6e~ - 2Cr3*t + 7H, (3.6)
For the oxidation half-reaction, methanol acts as a sacrificial hole scavenger:2°
CH;0H + H,0 + 6h* —» C0O, + 6H* (3.7)
The addition of methanol lowers the energy barrier to the oxidation half reaction,
significantly enhancing the overall rate of reaction.
We should point out that there is a measurable reduction in Cr (VI) concentration (20%

over the course of 2 hours) even without any particles added to the solution. This is likely
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caused by methanol itself. It has been reported that methanol can be oxidize to form
formaldehyde when exposed to UV radiation and even reduce hexachloroplatinate (1V) to

metal.?! In addition, no photoreduction is observed in the control sample without methanol.
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Figure 3.7. The power study shows how the reduction of Cr (VI) increases with
increased power density after 3 hours of illumination. All experiments were
performed with 500 mg/L of particles and 5% by volume of Methane, 1 ml. ZrN
(Black Squares) reduces more than TiO, (Red circles) at every power density.

To further investigate the origin of the photoreduction mechanism for these two materials,
we have measured the kinetics of photoreduction as a function of input photon flux. The
results are shown in Figure 7, in which we plot the fraction of Cr (V1) reduction observed

after a 3 hours illumination, as a function of optical power density. For these measurements,
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the particle concentration is 500 mg/L for both TiO2 and ZrN. As for the previous
experiment, 5% volume of methanol is added to facilitate the reaction. As is evident in
Figure 7, the reduction rate for both ZrN and TiO3 increased with the power density. The
rate of reaction is always larger for ZrN than TiO>, consistent with the results shown in
Figure 6. The kinetic photoreduction rate constant calculated from Equation 1 increased
from .0019 to .0034 min* for ZrN and .0015 to .0028 min for TiO; as the power increased

from 1.3 W/cm? to 3.2 W/cm?2.

We therefore observe a sublinear dependence of photocatalytic rate on intensity (rate oc
intensity", with n <1). As the photon flux increases, the rise in material excitation competes
with an increased rate of recombination of the photo-generated carriers, limiting the gain
in photoreduction rate and leading to a sublinear dependence. Similar results have been
reported by Xing et al. They find that the reaction rate for Au/TiO> has a super-linear law
dependence on the light intensity (n > 1) between 0 — 0.7 W/cm?. However, from 0.7 to
0.9 W/cm?, the dependency becomes sub-linear (n < 1). This means that the increment of
the photocatalytic rate is smaller when the light intensity exceeds — 0.7 W/cm?. 22 As the
intensity of our experiments was higher than .7 W/cm?, it makes sense that our n-value
would be less than 1. Nevertheless, linear or weakly sublinear trend is consistent with an
electronic excitation mechanism, in which the reduction is promoted by charge carriers as
opposed to a thermally driven (photothermal) process. An exponential dependence would
be expected for the case in which the incoming photons are simply converted to thermal

energy, with the increase in particle temperature then driving the reaction.®> We clearly do
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not observe this in our experiments. In addition, a cooling coil is used to keep the

temperature constant in the solution and equal to 27°C for all the measurements.
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Figure 3.8. Action Plot showing the Quantum Yield for ZrN (Black Squares) and
TiO; (Red Circles) with spectrally selected radiation using a monochromator. Each
sample was illuminated for 3 hours at each wavelength with 1 g/L of nanoparticles

in solution. The normalized absorption of ZrN is overlayed on the plot for
comparison with the quantum yield of ZrN. The inlay expands the plot to include the
QY at 350 nm which is also more efficient for ZrN than TiO».

Next, we test our hypothesis that the increased reduction in previous experiments is due to
the capability of ZrN to utilize the visible part of the spectrum. To do that, we have
performed Cr (V1) reduction experiments with ZrN and TiOg, at a concentration of 1 g/L

of particles, with 1 ml of methanol in solution. A monochromator has been used to
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spectrally resolve the radiation from our broadband light source. The solutions are
illuminated for 3 hours at selected wavelength. The quantum yield (QY) is calculated using

the measured photon flux and the equation from Li et al:*

# ions reduced (38)

uantum yield =
Q ntu yie d # absorbed photons

Figure 8 shows the QY as a function of excitation wavelength for ZrN and TiO2. As a
reference, we also plot the absorption spectrum for the ZrN particles. As expected, the QY
for TiO2 in the visible is zero, meaning no reduction is observed as visible illumination is
below the optical bandgap of the material. On the other hand, we observe a reasonably high
internal QY for the case of ZrN, peaking at ~1.3% at 700 nm. Most importantly, the QY
dependence for ZrN closely resembles the absorption spectrum of the material, confirming
that the photoreduction process is initiate by radiation which couples into the material via
its inherent plasmonic response. Interestingly both ZrN and TiOz have reasonably high QY
in the UV part of the spectrum with ZrN outperforming TiO2 (8% for TiO2 and slightly

above 8% for ZrN).

3.6: Conclusions

We have demonstrated that plasmonic ZrN nanoparticles can effectively reduce heavy
metal ions and oxidize methanol with not only UV light but by utilizing visible light as
well. Compared to TiN nanoparticles, ZrN achieve a faster reduction kinetics reducing
platinum. ZrN achieved a reasonable internal quantum yield even in the visible part of the
spectrum for the reduction of both platinum and Cr (V1). The strong correlation between

the absorption spectrum and the internal quantum yield demonstrates the plasmon driven

72



photochemistry. We have also found a sub-linear dependence on the reduction Kkinetics
with the illumination power, which is not consistent with a photo-thermal effect but rather
with the photo-generation of charge carriers. Overall, these results provide additional
convincing evidence of the great potential of alternative plasmonic materials for
applications in photochemistry. In particular, their abundance and ability to use the solar

spectrum make them an attractive platform for water treatment applications.
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Chapter 4: Spray Pyrolysis of Yttria-Stabilized Zirconia Nanoparticles and Their

Densification into Bulk Transparent Windows

4.1: Introduction

The potential for high strength, high toughness, temperature resistance and optical
transparency makes Yttria-Stabilized Zirconia (YSZ) an extremely versatile material for a
broad and diversified variety of applications such as bio-implants,? thermal barrier
coatings® and solid oxide electrolytes.* Zirconia is a hard and tough ceramic material with
multiple allotropes similar to steel.®> Due to the strong covalent nature of zirconia, at room
temperature the material tends to stabilize in the monoclinic phase.® By increasing
temperature above 1200°C, it is possible to achieve the transformation of the crystalline
structure from monoclinic to tetragonal and eventually cubic structure.®” Upon cooling, the
transformation between the tetragonal and the monoclinic phases and the associated 4-5%
volume change can produce cracks and sample fracturing. Partially stabilized zirconia
(PSZ) uses dopants to stabilize the material in the tetragonal phase. The addition of
oversized (Y3* and Gd®*") or undersized (Fe®* and Ga®") atoms can be used as an effective
strategy to stabilize the material in the tetragonal or cubic phase even at room temperature.
The larger ions favor an eightfold coordination number pulling oxygen away from the Zr**
ions creating vacancies.® The smaller ions favor a six-fold coordination number and
compete for oxygen with the Zr** ions.®

In addition, the mechanical stress induced by a propagating crack can provide the activation

energy for the material to transform to the monoclinic phase, leading to a local volume
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expansion and stopping crack propagation.®®' The transformation toughening
phenomenon is a key property in improving the mechanical properties of partially
stabilized zirconia. For many applications, it is highly desirable to combine the high
toughness of PSZ with the optical transparency that is expected from an insulating material
such as zirconia. However, synthesizing optically transparent zirconia is far from trivial.
Light scattering can be induced when the dimensions of the grain sizes or pores are in the
same order of the visible wavelength. To address this technical hurdle, the material must
be produced with high density and small grain sizes.'>'® Additionally, the presence of
inhomogeneous crystal structures, such as a birefringent tetragonal phase in PSZ,
introduces an additional source of scattering.'*>” Finally, oxygen vacancies can be
produced during the densification process. These vacancies absorb light at the blue end of
the spectrum contributing to the lack of transparency.*®

Commercially-produced YSZ nanopowders are available with either 3% molar (3YSZ) or
8% molar (8YSZ) Yttria (Y203) content and a particle size of around 50 nm. 7YSZ and
10YSZ are also available commercially but only tens of micron sized particles. A range of
sub 50 nm particles have been synthesized using with between 1 and 4.5 percent yttria
content as well as 8% yttria.X® 10YSZ and 12YSZ were also synthesized using a
precipitation method and were investigated to show that excess energy in the grain
boundaries leads to a lower toughness.’® However, due to the lack of optical
characterization, in investigating higher yttria contents we would not have a comparison to
make and out of the scope of this manuscript. 3YSZ is stabilized in the tetragonal phase

with high hardness and toughness exhibiting the desired mechanical properties of zirconia
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ceramics, but it lacks optical transparency. Fully-stabilized Zirconia can be produced at or
above 8% Y203 (8YSZ). 8YSZ is stabilized in the cubic phase at room temperature and
displays an isotropic structure that makes it ideal for optical transparency applications.
However, 8YSZ has much lower strength and high brittleness compared with 3YSZ. Prior
works have mainly investigated the mechanical and optical properties of commercial YSZ
powders densified via spark plasma sintering (SPS) and have been limited to 3YSZ and
8YSZ, the only compositions available for off-the-shelf nanoparticles.221:22

In this study, we describe an aerosol spray pyrolysis technique that enables us to
reproducibly synthesize YSZ nanoparticles with controlled compositions; we focus on the
compositions between 3 and 8 percent Y203. With these material compositions and sizes —
not available for commercial purchase — we investigate both the optical and mechanical
properties of samples densified via SPS. Our ultimate goal is to identify the composition
that gives an optimal balance between optical and mechanical properties with the hope of
using yttria-stabilized zirconia for calvarium prothesis.! This type of implant could provide
the mechanical support and also optical properties to image brain blood flow? or be used

in therapeutic ultrasound treatments for brain diseases.?*

4.2: Experimental Methods

4.2.1: YSZ Nanopowder Synthesis

For the synthesis of YSZ, we employ aerosol spray pyrolysis, which is a common technique
used to produce metal oxide nanoparticles.?® Our application of this process functions at

atmospheric pressure, making it advantageous for scalability. A schematic of the spray
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pyrolysis system used in this work is shown in Figure 1. Approximately 85 g/mL solution
of ZrCl4 (Alfa Aesar) with YCl3+6H20 (Sigma-Aldrich) is dissolved in deionized water in
the desired compositions. 7000 SCCM of argon carrier gas is flown through a six-nozzle
Collison-type nebulizer (BGlI, Inc.) to generate an aerosol, which is then carried through a
tube furnace. The powder production rate from this apparatus is approximately 100 g/hr.
The aerosol is flowed into a 2-inch quartz tube placed in a temperature-controlled tube
furnace. The solvent evaporates and the precursor is thermally decomposed by the high
temperature of the furnace, nominally set to 900°C, at which point nanoparticles nucleate.

The product is collected downstream of the furnace on a stainless-steel mesh filter.

Tube Furnace
(700-1,000 °C)

Exhaust

Ar gas flow

¢ Collison-Type
Nebulizer
Filter

Figure 4.1. Schematic of the YSZ aerosol spray pyrolysis synthesis apparatus.
After collection, the powder is processed to ensure purity and reproducible quality. First,
the material is dispersed in deionized water and cleaned of possible contaminants using a
centrifuge. Then, the powder is annealed at 650°C in air for 4 hours to remove any carbon
deposits. Finally, the dry powder is ball-milled with cubic zirconia milling media at 60
RPM for 48 hours to break up any large agglomerates, which is beneficial for the sintering

process. We use energy-dispersive X-Ray spectroscopy (EDS, Oxford Instruments) in a
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scanning electron microscope (SEM, FEI Nova NanoSEM450) to determine the mole
percent of Yttria in each powder sample. In addition, we use transmission electron
microscopy (TEM, Tecnail2) analysis to determine the particle size distribution.

4.2.2: YSZ Densification and Characterization

After post-processing and characterizing the powder, it is densified via spark plasma
sintering (SPS, Fuji-SPS Dr. Sinter Lab Jr.). 0.5 g of YSZ is loaded into a 10 mm graphite
die and punch setup. The densification process is done completely under vacuum. The
densification pressure is raised to 100 MPa before any current is applied. After applying
the pressure, the sample is heated to 1100°C at a rate of 200°C/min and then to 1200°C at
a rate of 50°C/min. The sample is held at this temperature for 10 min. The temperature is
monitored with an external pyrometer.

After densification, the samples are polished to remove traces of carbon diffused from the
graphite die. The surface polish is finished to 1 pum using a diamond slurry. The final
thickness of the samples is 0.5 mm. Polishing the samples ensures that the measured
density is only that of YSZ and not graphite contaminates. In addition, polishing reduces
possible surface scattering for reliable transmittance measurement, and it provides a flat
surface for hardness testing.

The density of the samples is characterized using the Archimedes method and expressed
as a percentage with respect to the bulk theoretical density of 6.0 g/cm? for 6YSZ and 5.9
g/lcm® for 8YSZ respectively which are used in the literature.*?62° The in-line

transmission of the samples is determined via UV-VIS spectrophotometry (Varian Cary
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500) in a spectral range of 175nm-3000nm. We use a 2 mm mask to block any light not
passing directly through the sample.

The densified samples are annealed in a furnace at 750°C for 19 hours in air and the effect
on the transparency and structure of the material is investigated. This process is introduced
to remove oxygen vacancies created during the SPS process and hence improve
transparency. The crystalline structure of the samples before and after the post densification
annealing is characterized via X-Ray Diffraction (XRD, PANalytical Empyrean) and
Raman Spectroscopy (Horiba LabRam HR). In addition, the cross section of the sintered
samples is examined by SEM.

Finally, a Phase Two Vickers Indenter 900-391 is used to determine the hardness and
toughness of the samples using a load of 98 N and a hold time of 15 seconds after air
annealing. The toughness was determined by measuring the crack length from the indents

and using Anstis’ formula.!
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Figure 4.2. a) EDS composition of YSZ samples produced at different temperatures and precursor
compositions. The precursor composition is linearly related (black line) to the target YSZ compositions
(3%, 6% and 8% molar Y203, highlighted by blue lines in the figure). B) Crystallite size calculated from
Scherrer analysis of the 1%t XRD peak for ZrO,, 3YSZ, 6YSZ and 8YSZ.
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Figure 4.3. a) Raman spectra from a series of samples produced at 900 °C with different Yttria
concentrations (increasing from bottom to top). The spectrum shifts from pure tetragonal phase (3YSZ) to
pure cubic phase (8YSZ) with increasing dopant content. The vertical red lines indicate the gradual shift in
the 640 cm™* peak position associated with tetragonal YSZ to 615 cm associated with cubic YSZ, as well as
the disappearance of the 260 cm peaks going from tetragonal to cubic YSZ, with intermediate peak
positions indicating a mixture of the two phases. b) XRD pattern of an 8YSZ sample.

4.3: Results and Discussion

We started our investigation by carefully studying the relation between the process
parameters of the spray pyrolysis process and the corresponding properties of the
synthesized materials. At every processing temperature, the precursor composition appears
linearly related to the yttria doping of the produced YSZ nanomaterials (see Figure 2a).
While commercially only 3YSZ and 8YSZ are available, notably, our fabrication protocol
enables a simple precursor concentration calibration to achieve any desired target
composition (3YSZ, 6YSZ, and 8YSZ are indicated for reference in Figure 2a).
Additionally, as depicted in Figure 2b, we can precisely tune the YSZ crystallite size from
3 nm to 10 nm by simply tuning the furnace temperature during the initial spray pyrolysis

synthesis between 700 °C and 1,000°C. In the sintering experiments described later, the

83



synthesis temperature for nanoparticle production was fixed at 900°C based on the size
range and quality of the produced material.

The phase of the material was investigated via XRD and Raman Spectroscopy. Figure 3a
shows the Raman spectra for increasing amounts of yttria content. The 640 cm™ peak
position of the tetragonal YSZ Raman spectrum shifts to 615 cm™ as the yttria content
increases, which is indicative of a shift from tetragonal to cubic phase.® In addition, the
peak at 260 cm™ in tetragonal YSZ disappears once the structure is sufficiently doped to
stabilize in the cubic phase.®® The corresponding XRD pattern of these materials is reported
in Figure 3b. The planes labeled (101), (002)/(110), (112)/(200), (103)/(211), and (202) are
characteristic of tetragonal YSZ. However, due to small particle sizes and peak broadening,
the diffraction patterns for cubic and tetragonal phases are indistinguishable from each
other. Scherrer 1st peak analysis of the XRD pattern indicates that the crystallite size is

roughly 7 nm, which is corroborated with the TEM analysis of the powder in Figure 4,

b) 1]

124

10

Count

4 6 8
Size (nm)

Figure 4.4. a) TEM image of representative 8YSZ nanoparticle sample. b) The particle size distribution (n
= 42) of the particles determined by TEM.

84



where average particle size, morphology, crystallinity, and crystal structure may also be
determined.

We tuned the composition of our materials to obtain 8YSZ and 6YSZ powder, with the
goal of densifying these samples via SPS to investigate their bulk mechanical and optical
properties. After the densification process, the crystal size grew to roughly 100 nm as
determined by Scherrer 1% peak analysis of XRD spectrum. While significant grain growth
occurred during the densification, this gran size is still relatively small compared to the
wavelengths of the visible spectrum. After densification, the samples exhibit a dark grey
color due to both some carbon in-diffusion from the graphite die and the formation of
oxygen vacancies. This drastically impairs the transparency of the material (See black
curve in Figure 5a). Prior investigations demonstrated that the described effects can be
mitigated through the introduction of an air annealing post processing step to saturate the
oxygen vacancies and reduce the levels of carbon impurities in the material.*® Following a
similar approach, we annealed our samples in air at 750°C for 19 hours. Figure 5 shows
the difference in transparency before and after the described thermal process. As depicted
in Figure 6, no significant variation of the Raman spectrum of sintered 8YSZ and 6YSZ
samples was observed after the annealing process, indicating no discernible change in
structure. This supports the hypothesis that the saturation of oxygen vacancies is the cause

of the improved transparency instead of a structural effect.
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Figure 4.5. Transmission percentage of 8YSZ sample before and after the
air annealing process. Inset displays a picture of the color change during
the polishing and annealing process.
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Figure 4.6. Raman spectra of a) 8YZ and b) 6YSZ before and after the air annealing process.
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Figure 7 compares the difference in transmission percentage between the 6YSZ and 8YSZ
bulk samples after annealing in air. As both the samples have a density greater than 98%
dense and grain size around 100 nm, we contend that a difference in scattering from the
grain boundaries and pores cannot be the differentiating factor in transparency between the
two materials. The only difference among the 8YSZ and 6YSZ is represented by their
structure (See Figure 6), which suggests that the difference in transparency is caused by
the birefringent nature of the tetragonal domains of 6YSZ, while 8YSZ has an isotropic
cubic structure. The change in orientation of tetragonal crystals causes the change in index
of refraction leading to light to scatter within the bulk.*®

We also show cross section SEM of the sintered samples for the 8YSZ and 6'YSZ in Figure
8. Both samples exhibit large grains, in particular the 8YSZ samples show micron-sized
grains. This is not consistent with XRD analysis, which suggests that the large grains
visible in the SEM micrographs are actually polycrystalline, i.e., composed of smaller
crystallite domains. This difference may be an effect of the isotropic nature of the cubic
structure in the 8YSZ sample. This appearance in comparison with the smaller (~500 pm)
and more irregular grain pattern in the 6YSZ samples would seem to correlate with the
scattering behavior inferred from Figure 7, though more data from different YSZ

compositions would be required to formulate definitive conclusions.
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Figure 4.7. Transmission of 8YSZ and 6YSZ after the air annealing process

Finally, we compared the mechanical properties of 8YSZ and 6YSZ (Figure 9). Both
samples have comparable hardness at 13-14 GPa while the toughness of 6YSZ is slightly
higher. The hardness of YSZ materials increases significantly from undoped-zirconia to
3YSZ reaching a peak of 14 GPa and decreases only slightly from 3YSZ to 8YSZ.>* Ghatee
also measured only a small difference in the hardness of 3YSZ and 8YSZ with 12.7 and
11.8 respectively.?® The increasing yttria content and subsequent change from tetragonal
to cubic structure when moving from 3YSZ to 8YSZ does not have a large effect on the
hardness but the material becomes significantly more brittle and less tough, however the

isotropic ~ cubic  structure leads to  increased  optical  transparency.
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Figure 4.8. SEM images of the cross section of a) 8YSZ and b) 6YSZ sintered samples.

Composition Density Densification T | Hardness Toughness
(%) (°C) (GPa) (MPa m)

8YSZ 102.1% 1200 13.9+0.7 1.67+£0. 49

6YSZ 98.9% 1200 149+0.9 2.27+0.27

Figure 4.9. Mechanical properties of densified 8YSZ and 6YSZ samples

Sakuma et al. prepared a sample with 6.3 mol percentage of yttria by arc melting of yttria
and zirconia together and determined the toughness was about 2.5 MPa m=.3* Another
study found the toughness of 5 percent molar YSZ was 3.8 MPa m~.%® These values agree
with our study measuring the toughness of 6YSZ to be 2.27 MPa m-. Although Sakuma et
al. did not see much of a decrease in toughness from 6YSZ to 8YSZ, Liu et al. as well as
Ghatee et al. found that the toughness of 8YSZ was comparable to our study with 1.6 MPa
m?, 1.7 MPa m®and 1.67 MPa m* respectively.?®3> Although these studies were using less
than 3 percent yttria content, smaller grain sizes are another factor suggesting to a reduction

in mechanical toughness of YSZ.36-38 Lui et al. was the only study to reported grain sizes
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with comparable yttria content to our 6YSZ sample finding that the grains were more than
500 nm which suggests that since our toughness values were similar, the grain size may

not have as much of an effect when the yttria content is increased above 3YSZ.

4.4: Conclusions

Ceramics and specifically YSZ have a broad range of applications with the combination of
high strength, toughness and optical transparency. In this work, we investigate the joint-
optimization of the strong mechanical properties of 3YSZ with the optical transparency of
8YSZ through SPS densification of nanoparticles. We demonstrate a route for the synthesis
of YSZ nanoparticles based on spray pyrolysis where we have complete control over both
the composition of the particles, by tuning the precursor mix, and the size of the particles,
by changing the temperature in the furnace during processing. This control over particle
composition and size is unavailable commercially and further investigations could leverage
this ability to study the bulk nanostructured properties obtained.

The produced powder is densified via SPS where we deconvolve the effect of oxygen
vacancies and separately the crystal structure on the transparency of the densified samples.
We found the 8YSZ and 6YSZ samples to have the same porosity and same crystallite
sizes, hence we conclude that the difference in optical properties was due to a difference
in crystal structure and the birefringent nature of tetragonal crystals in 6YSZ.

This investigation confirmed that as yttria content increases, specifically comparing 6YSZ
with 8YSZ, there was not a major loss of hardness. However, 8YSZ was less tough and

much more brittle than 6YSZ. Further investigations should continue to investigate an
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optimum balance between the desired optical properties of 8YSZ and the stronger
mechanical properties of 3YSZ and 6YSZ to improve upon the possible applications of

YSZ.
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Chapter 5: Nanocrystalline Yttria-Stabilized Zirconia for Cranial Widow

Applications

5.1: Introduction

Brain disorders such as Alzheimer’s, Parkinson’s, tumors and traumatic brain injuries
(TBI) are steadily increasing in recent years® which with increased optical access to the
brain could be monitored for diagnostics and treatment. Motivated by advances in light-
based therapies,? increased optical access of the brain opens new possibilities for
treatments. For light to pass through biological tissues with minimal damage to optical
probing inside the body the wavelengths of light must be within Near Infrared (NIR)
biological window. There are three NIR biological windows of wavelengths between 800-
1700 nm with NIR-I, NIR-2, and NIR-3 ranging from 800-1000 nm, 1000-1400, and 1500-
1700 nm respectively. The NIR windows allow light to enter the body for both diagnostic
and treatment.? Examples include photodynamic therapy which is used for acne® but also
brain cancer* as well as photobiomodulation which uses low power lasers to treat traumatic
brain injuries.> Although these therapies have shown success, the lack of transparency of
scalp and skull tissues limits the possibilities of light treatments and diagnoses for brain
diseases which currently require thinning or opening a hole in the skull for each treatment
repeating the trauma. A window to the brain with the right material properties would solve
this problem and motivates the research.

Materials such as polydimethylsiloxane (PDMS)®, glass, and nanocrystalline yttria-
stabilized zirconia (YSZ) have been researched as to address the lack of optical access from

the skull and skin tissues.” To replace part of the skull with a transparent material, the
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material must maximize its optical transparency, and biocompatibility, as well as having
strong mechanical properties to protect the brain from further damage and trauma. PDMS
lacks the mechanical properties to protect the brain with a compressive modulus up to 5
times less than that of a human skull.®® Glass has great transparency but mechanically too
brittle to protect the brain. Even the improved mechanical properties of Pyrex glass were
too brittle for safe cranial window applications.

YSZ ceramics looks to be optimize the mechanical toughness, optical transparency, as well
as the biocompatibility necessary to replace part of the skull and provide a window to the
brain. A number of studies have investigated YSZ ceramics and found excellent
mechanical and optical properties such as Sakume et al. and Anselmi-Tamburini et al.*%!
Depending on the concentration of Y203 between 3-8 mol%, the hardness was determined
to be 13-15 GPa with a fracture toughness of 7-12 MPa m¥2.1% The optical properties
engineered by Anselmi-Tamburini et al. to reach 60% transparency at 1000 nm, within the
biological window, and close to the theoretical single crystal transparency limit of 75%.!!
YSZ has passed biocompatibility test before as it is used in dental implants'? and hip
replacement prosthesis*3. For example, similar cell densities to the cells-only control group
were reported by Shih-Fu Ou et al. in direct culture experiments.* Additionally, zirconia
implants into the femurs of Sprague-Dawley rats outperformed the titanium ones showing
stronger mineralized bone-to-implant interfaces.®

YSZ nanoparticles change their crystal structure from monoclinic with a small amount
added to ZrO., roughly 0-3 mol% Y203, and tetragonal to cubic as the Y>03 concentration

increases from 3-8 mol %. YSZ in the monoclinic phase has the best mechanical properties
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due to its transition toughness®® but is not transparent while YSZ in the cubic phase is
optically transparent but too brittle. Optimizing the optical with the mechanical properties
is necessary for the application of using YSZ as a cranial window.

In this work, YSZ with 3-8 mol % yttria concentrations are compared using different
densification methods and evaluated for in vitro cytocompatibility. Commercial YSZ
nanoparticles with 3, 6, 8 mol % concentrations were processed and densified into discs
using current activated pressure-assisted densification (CAPAD) and compared with spark
plasma sintered (SPS) of house aerosol spray pyrolysis-synthesized YSZ with 4 and 8 mol
% YSZ. The polished and unpolished YSZ discs were investigated for their
microstructures, surface morphologies and hydrophilicity as well as the in vitro
cytocompatibility in terms of cell spreading area, cell aspect ratio, and cell adhesion
density. To account for possible effects of ions released from the YSZ on cell responses,
pH values and Zr** and Y3* concentrations are measured. To the best of our knowledge this
work is the first study determining the cytocompatibility of these discs with BMSCs in
terms of different composition, synthesis methods, densification processing and
microstructure of the YSZ discs. As to date YSZ discs as cranial windows has not been
extensively studied, this work is necessary to build the foundation for future preclinical

and clinical translation.

5.2: Experimental Methods
5.2.1: YSZ Discs
YSZ powder synthesized in the lab was compared with commercial nanopowders

purchased from Toshoh USA Inc. The YSZ powder synthesized in house used an aerosol
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spray pyrolysis system described in a previous paper.l’ In summary, the anhydrous ZrCls
(Alfa Aesar) and YCL3*6H20 (Sigma-Aldrich) was sonicated in deionized (DI) water.
Argon flowing at 7000 standard cubic centimeters per min (sccm) aerosolized the solution
through a nebulizer (BGIl/Mesa Laboratories). The aerosolized droplets are then carried
through a 2-inch diameter tube furnace (MTI OTF-1200x) set to 900 °C. By varying the
ratio of ZrCls:YCls, specific Y203 content in the YSZ nanoparticles is obtained. For this
study 8% mol YSZ and 4% mol YSZ were used. After synthesis, the particles are rinsed
with DI water and centrifuged at 3400 revolutions per min (rpm) for 10 minutes repeated
3 times to remove any contaminants. The powder was then dried on a hot plate and then
annealed in air at 650 °C for 3 hours to remove any oxygen vacancies in the nanostructures.
The in-house synthesized nanopowders were densified using a similar process as a previous
paper.t” Before densifying, the powder is ball milled for 48 hours at 60 rpm. After breaking
up large agglomerates in the ball mill, .5 g of powder is placed into a 10 mm graphite die
and punch setup for Spark Plasma Sintering (SPS, Fuji SPS, Dr. Sinter Lab Jr.). The
densification process was completed under vacuum. The pressure is set to 100 MPa before
any current is applied. The sample is then heated to 1100 °C at a rate of 200 °C/min and
then to a final temperature of 1200 °C at 50 °C/min. Finally, the temperature is held at 1200
°C for 10 min. The temperature is measured throughout the process using an external
pyrometer.

Commercial YSZ powder purchased from Toshoh USA Inc was used for comparison. The
nanocrystalline YSZ contained 3, 6, and 8 % mol Y203 respectively and densified using a

current-activated pressure-assisted densification (CAPAD) process described in an earlier
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paper.'8 1.5 g of commercial YSZ powder was placed into a 19 mm graphite die and placed
in the CAPAD apparatus. Graphite spacers and copper electrode secure the die in the
chamber at a pressure of 1 x 10~ Torr. The pressure on the graphite die was set to 106 MPa
and applied on the sample for 2 min before any current is applied. Then, the sample is
heated at a rate of 160 °C/min until the temperature reaches 1200 °C. Once the temperature
reaches 1200 °C, the pressure on the die is steadily increased to 141 MPa and held at that

temperature and pressure for 10 min.

After obtaining densified samples, the samples are polished both to remove any carbon
contaminants from the densification process as well to remove surface roughness to
increase the transparency. The disks were polished using an automatic polisher (Pace
technologies) and diamond slurry. Starting with a diamond slurry with a size of 30 pm and
progressing down to 1 pm colloidal silica slurry the discs increased transparency. Polished
YSZ discs densified with SPS using in house made YSZ nanoparticles are labeled as
4YSZ P and 8YSZ_P respectively while the rough surfaces are referred to as 4YSZ PR
and 8YSZ_PR. The commercial powdered densified using CAPAD are called 3YSZ,
6YSZ, and 8YSZ when they are polished and 3YSZ R, 6YSZ R, and 8YSZ R
respectively when they are still rough.

5.2.2: Transparency of YSZ disks

The transparency of the YSZ discs was quantified using a spectrophotometer (Infinite
M200 Pro, Tecan) where the disks were placed in a 96-well plate (Falcon, USA). The
absorbance was measured at wavelengths between 300-900 nm and converted into a

percentage of transmission using Beer’s Law in eqn. 1:
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A=2-10g19(%T) (5.1)
Where A is the absorbance and %T is the percentage of transmission.
In addition to measuring the transparency, a polished 8YSZ disk densified with CAPAD
from commercial powder with a thickness of .48 mm is shown placed on a piece of paper
with the writing, “Transparent nc-YSZ” to demonstrate the transparency.
5.2.3: YSZ Disc Microstructure Characterization
The cross section of the discs and microstructure was analyzed with scanning electronic
microscopy (SEM). YSZ discs were first cut in half and then placed in a sample holder at
90° under the SEM. Due to the low conductivity of YSZ, the samples were sputtering
(model 108, Cressington Scientific Instruments Ltd., Watford, U.K.) with
platinum/palladium with 20 mA for 60s to increase to improve the imaging. Images were
taken using an SEM (Nova NanoSEM 450, FEI Co.) and analyzed using ImageJ software
to determine the diameters of polycrystalline grains and nanoscale domains.
5.2.4: Water contact angle with YSZ discs
A goniometer (model G16, Wet Scientific) was used to measure the water contact angles
of both polished and unpolished YSZ discs. A 10 uL droplet was placed on the surface of
the discs and the water contact angle was calculated from the measurement at five different
areas of triplicate samples.
5.2.5: Harvest and Culture BMSCs
The protocol followed was approved by the Institutional Animal Care and Use Committee
(IACUC) at University of California Riverside. To summarize the cultured and harvested

rat BMSCs that is similar to a previous work,'® after removing the distal and proximal ends
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of the femoral and tibial bones, the bone marrow was flushed out of the bones with a
syringe by Dulbecco’s modified Eagle’s medium (DMEM, #SLBC9050, high glucose,
D5648, Sigma-Aldrich) and mixed with 10% fetal bovine serum (FBS, HyClone,
#SH30910, Thermo Fisher Scientific Inc.), 1% penicillin/streptomycin (P/S, HyClone,
#SV30010, Thermo Fisher Scientific Inc.) before getting placed in a centrifuge tube. The
mixture of DMEM with 10% FBS and 1% P/S is the cultured media in this study. Standard
cell culture conditions were used (37°C, 5%/95% CO2/Air, humidified and sterile
environment) to 90-95% confluency after filtering the cells with a 70 um nylon strainer
(Fisher Scientific).

5.2.6: BMSC Culture with YSZ Discs and Controls

To compare the discs made from commercial powder and densified with CAPAD process
with the discs made in house, the volume was controlled between the samples. The CAPAD
discs were cut into quarters to ensure similar volume of the discs. Both discs, polished and
rough, as well as both powders, commercial and synthesized, were used in this study.
Titanium, the most commonly used bio implant material since it is bioiner, was used as a
control to compare the YSZ nanoparticles as well as glass slides for reference of standard
cell cultures. Before the study, glass slides, in addition to the discs made of YSZ and
titanium were all sterilized and heated in an oven at 160°C for 30 min. To test the unlikely
possibility of YSZ discs degrading and releasing nanparticles in vivo, the nanoparticles are
tested as well. The concentration of YSZ particles was 10 mM which is not expected to

have much of an effect on cell viability and adhesion density as reported previously.?° YSZ
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discs are not expected to release any nanoparticles during the BMSC studies as they are
considered bioinert.

Direct culture method described in a previous publication'® determinations the
cytocompatibility of YSZ discs. In summary, 12-well tissue culture-treated plates are
rinsed with 2 ml of PBS and DMEM respectively to standardize the osmotic pressure under
sterile conditions. After sterilization, BMSCs (P2) are planted onto the surface with a
density of 10,000 cells/cm? and gestated in 3 mL of DMEM under standard cell culture
conditions for 24 hours. The positive control had BMSCs cultured with only DMEM in the

wells alone. The negative control of DMEM without any cells was also tested.

(a)o (b)

Cells Collect media for Direct contact
anal_vsis/, (o

\
; : \_/ 4 24 hours _ - i
: ’ﬂ s s -* Adhered cells

YSZ disc in direct o . 2 ‘
culture with BMSCs Fixation and staining Indirect contact

Figure 5.1. Schematics of A) Direct culture of bone marrow-
derived mesenchymal stem cells (BMSCs) with YSZ discs. B)
the BMSCs under direct and indirect contact conditions

5.2.7: Characterize the BMSC Adhesion and Morphology
The culture with the BMSCs attached on the samples was secured with 4% formaldehyde
(10% neutral buffered formalin; VWR) for 20 min, then stained with Alexa Flour 488-

phalloidin (A12379, Life Technologies) for 20 min and finally 4’,6-diamindino-2-
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phenylindole dilactate (DAPI, Invitrogen) for nuclei for 10 min. Both the BMSC directly
in contact with the sample in addition to the ones in indirect contact attached to the well
plate around each sample were imaged using a fluorescence microscope (Eclipse Ti and
NIS software, Nikon).

10 random spots were used and analyzed using ImageJ software to determine quantitatively
the cell spreading area, aspect ratio and the number of cells per unit area. The cell adhesion
density was calculated by counting the number of cells divided by the image area
(cells/cm?).

5.2.8: pH of the Post Culture Media

Both the pH value, the Zr** and Y** concentrations were measured right after collection.
The pH meter (Symphony, model SB70P, VWR) was purchased calibrated. Inductively
coupled plasma optical emission spectrometry (ICP-OES; Optima 8000, PerkinElmer)
determined the concentrations of Zr** and Y3*. lonic concentrations were calculated taking
into account the 1:10 DI water diluted solutions to minimized matrix effects in ICP-OES.
5.2.9: Mineral Deposition of the YSZ Discs

All polished YSZ samples were characterized with X-ray diffraction (XRD, Empyrean
PANalytica) to determine if there was any mineral deposition during the 24-hour cell
culture. HighScore software (PANalytical) was used to determine the crystal phases
present in the sample.

5.2.10: Statistical Analysis

When the data set fulfilled the parametric criteria that normality is greater than .05 from

the experiments run in triplicates, the numerical data was examined using a one-way
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analysis of variance (ANOVA) followed by a Tukey test. The data sets that were
determined to be statistically significant if p < 0.05 for the Tukey test. For the
nonparametric data where the normality was greater than .05, Kruskal-Wallis analysis
followed by a Dunn test and adjusted by Hochberg’s method was used. Statistical

significance was considered for the Dunn test to be p <.0025.

5.3: Results and Discussion

5.3.1: Optical and Mechanical Investigation YSZ Discs

A chosen cranial window material must optimize the mechanical, optical, and
biocompatible properties. A window without strong mechanical properties will not be able
to provide protection for brain tissues so it cannot be too brittle or too soft. Obtaining the
desired mechanical properties without the optical and biocompatiblity necessary, there
would not possibility for treatments and diagnostics in addition to being dangerous to
implant the window. The optical window must be available to perform further treatments
without introducing new traumas by reopening the skull. If the material is not
biocompatible, then it will be prone to adverse side effects such as tissue necrosis,
inflammation and infections.

First investigating the optical properties, Figure 2 displays the transparency of polished
8YSZ disc samples that had a thickness of .48 mm with the light source above the sample
in a and below in b. The lettering on the paper reads “Transparent nc-YSZ”. The wording
is clear in both cases through the transparent 8Y SZ discs. Figure 2¢ shows the transmission

of light with wavelengths from 300-900 nm. The transmission increases from only .4% to
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38% as the wavelength enters the first NIR biological window. The sample tested in 2c is

a polished 8YSZ disc with a thickness of .66 mm.
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Figure 5.2. Photographs displaying written words through the transparent YSZ disc with the light
source above (A) and below (B). C) Displays the optical transmission through the same YSZ disc with
wavelengths between 300-900 nm. SEM images display the microstructures.
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The lowest energy configuration for the crystal structure of YSZ is monoclinic and
increasing amounts of Y203 will change the structure to tetragonal and finally to the cubic
structure increasing its transparency.?! The cubic structure is the best for optical properties
due to its similar index off refraction in every direction although it is the most brittle YSZ
crystal structure.?? Transparency for ceramic materials is highly depended on the crystal
structure as well as the size of the grains.?®

The grain size is an important factor in making a ceramic transparent as Alaniz et al
confirmed.'® They compared the transmission of light in the wavelength range 450-850 nm
on YSZ discs that had different grain sizes from varying the sintering times. Their results
show that the shorter the sintering time the grains will be smaller and have better
transparency.'® To maximize the transparency of YSZ windows and that of other ceramic
nanostructured materials, a grain size of less than 100 nm is optimal.?* Figure 2 shows how
the YSZ discs with higher yttria concentrations had small crystallite domains and
polycrystalline grains which improved the transparency when compared with the discs with
lower yttria content.

The microstructures of the YSZ discs are next examined with SEM analysis. Figure 2d, e
displays a grid of the cross sections of YSZ discs containing the different Y203
concentrations studied. The magnification went from 50,000x to 100,000x and finally to
200,000x to show both the larger polycrystalline grains with the red outlines as well as
crystalline domains on the order of a few tens of nanometers.

To find a good material for a particular application, it is important to consider the

performance, property, structure and processing of that material. The progress YSZ shows
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in the transparency and mechanical properties of figure 2 is due to the dense
microstructures with few pores that resulted from the densification process. The 6YSZ and
8YSZ discs showed transgranular fractures from the SEM images of the cross section
which typically are a result of multiple dislocations in the crystal grains.?® On the other
hand, 4YSZ_P and 8YSZ_P had intergranular fractures which occur more often since the
grain boundaries are the weaker areas of the material. Previous studies indicated that there
was limited difference on the mechanical properties when processing YSZ with CAPAD
or SPS. The CAPAD processed 8YSZ disc had a hardness of 13.2 + .1 GPa?® which was
comparable to the SPS processed 8YSZ_P of 13.9 + .7 GPa.'’

3YSZ commercial nanopowders densified with CAPAD had nanoscale crystalline grains
of about 39 £ 9 nm while the 6YSZ and 8YSZ discs had grain sizes much larger with
polycrystals between 200-350 nm again highlighted with red boundaries. The smaller
crystallite domains inside the larger grains were between 20-30 nm.

In house pyrolysis-synthesized nanoparticles densified with SPS obtained polycrystalline
grains of 255 + 78 nm and 21 + 4 nm for the crystalline domains for the 4YSZ_P sample.
The 8YSZ_P sample had larger polycrystalline grains with 819 + 155 nm and 29 £ 5 nm
crystalline domains. It is worth noting that the densified samples using commercial powder
showed transgranular fractures on their cross sections while the house synthesized and

densified samples had intergranular fractures in the SEM.
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Figure 5.3. Surface morphologies displayed from 3D microscopic images
before and after polishing.

5.1.2: Biocompatibility of YSZ Discs

After evaluating the mechanical and optical properties of the YSZ discs, the next factor is
determining their biocompatibility. We used the direct culture method with BMSCs to
compare the in vitro cytocompatibility between CAPAD processed and SPS processed
discs. The direct culture method places the cells on YSZ discs with different compositions,
microstructure, grain size, surface roughness, topography and hydrophilicity. This method

simulates the in vivo conditions between newly seeded implants and the surrounding cells.
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Figure 5.4. (a) 3D laser scanning microscopy to quantify the
Surface roughness (Sq) of YSZ discs. (b) Photographs of
water droplets and contact angles of YSZ discs before and
after polishing. Data shown as a mean * standard deviation
(n=3); *p <0.05, **p < 0.01

The surface topographies of polished and unpolished YSZ discs are investigated with 3D
microscopic images in Figure 3. The SPS process Y SZ with synthesized nanoparticles had
a rougher surface before polishing than the CAPAD densified commercial powders. Figure
4a shows measurements of the root mean squared of the height, to quantify the surface

roughness (Sq) for image area is shown in Figure 4a. It is clear from the images that the
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roughness of the samples was greatly decreased due to the polishing. The commercial

particles densified with CAPAD had slight less surface roughness.
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Figure 5.5. Representative fluorescence images after 24-hour direct culture with the
green color indicating Alexa Flour 488-phalloidin-stained cell cytoskeleton and the blue
color indicating DAPI-stained cell nuclei. The BMSCs are adhered on YSZ discs as well

as other reference and control groups.
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The water contact angles of the YSZ discs before and after polishing was investigated next
and shown in figure 4b. There was no statistical difference between the samples as the
water contact angle was all within the range of 79.5 to 84.9° and the photographs of the 10
uL droplets are shown on top.

After the samples were polished, the surface roughness and topography were the same
across the CAPAD and SPS processed YSZ discs as shown in figures 3 and 4. There was
no statistical difference in the hydrophilicity of the samples shown in figure 4b. The water
contact angle was detected and determined to be statistically the same for both polished
and unpolished YSZ discs.

After 24 hours of direct culture, figure 5 shows the florescence images of BMSCs stuck to
the YSZ discs as well as the control group. The green color is from Alexa Flour 488-
phalloidin-stained cell cytoskeleton and the blue color is from DAPI-stained cell nuclei.
All the tested materials including YSZ discs, Ti, class and the cell only group had similar
morphology of BMSC’s. The only one that exhibited less spreading was the unpolished
YSZ discs and the 8YSZ Pnp nanoparticle synthesized in lab. The commercial
nanoparticle tests with 3YSZ_np, 6YSZ_np, and 8YSZ_np all had comparable morphology

with BMSC controls.
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Figure 5.6. (a) Spreading areas and (b) aspect ratios of BMSC adhered

on YSZ discs, Ti controls, and the Glass references after 24 hours of

direct culture. Additionally, nanoparticle controls and cell only
controls are displayed as well. Data is shown as a mean + standard

deviation (n = 3), *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 5.7. (a) Direct contact densities of BMSCs adhere on the YS
discs, Ti controls and Glass Reference after 24-hour direct culture. (b)
Indirect contact densities of BMSCs adhered on the well-plates
surrounding the samples and control references including the cell only
comparison. Data is shown as a mean + standard deviation (n = 3), *p <
0.05, **p < 0.01, and ***p < 0.001.

Figure 6a displays the quantified data plotting the average spreading area and aspect ratio

of BMSCs. All of the spreading areas were statistically greater in the polished samples than
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the unpolished ones. The spreading areas was statistically the same as the Ti control for all
the samples except that of 4YSZ_PR which was smaller. Figure 6b shows the aspect ratios
of the BMSCs on all the different YSZ samples to be between 1.62-2.16 with no statistical
difference between them.

Yang et al. compared the osteoblast spreading area on nanocrystalline diamond and
microcrystalline diamond finding that the osteoblast spreading area was almost 2 times
greater than nanocrystalline diamond. The spreading was deflected by larger grains while
moving over smaller grains without a problem. Additionally, Yang et al. found that a
rougher surface inhibits the spread of cells.?” This is in agreement with our findings that
polished YSZ discs had larger spreading areas than the unpolished discs that had the same
composition.

Figure 7a shows the densities of BMSCs in the direct contact condition for the YSZ discs,
Ti controls and a glass reference. Under direct contract conditions, the polished discs
showed no statistical difference when compared with unpolished discs of the same
composition. Both polished discs (8YSZ, 4YSZ P, and 8YSZ_P) as well as unpolished
ones (8YSZ_ R, 4YSZ PR and 8YSZ_PR) showed statistically lower BMSC adhesion
densities than the Glass reference. Additionally, the 8YSZ R and 8YSZ_P discs had
statistically lower densities than the Ti control group. Polished and unpolished 3YSZ,
3YSZ R, 6YSZ, 6YSZ_R were the only sample that did not have cell adhesion densities
lower than either the glass or Ti reference under direct contact conditions.

Figure 7b displays the BMSC adhesion densities under indirect contact conditions on the

culture plates. As expected, the YSZ discs had larger adhesion density than the nanoparticle
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samples. Polished discs and unpolished discs of the same composition showed similar
BMSC adhesion densities. The only adhesion density that was statistically less than all the
other YSZ discs and that of Ti and Glass was 8YSZ_Pnp. No statistical difference was
measured between the YSZ discs and the controls of Ti, Glass and Cell-only but the
nanoparticle controls were statistically lower.

Although it is unlikely that densified YSZ discs would release nanoparticles, nanoparticles
are known to have a dosage dependent cytotoxicity.?® It is known from a previous study
that when BMSCs were cultured with 10-60 mM YSZ nanoparticles the average cell
adhesion density was lower than the BMSC-only control group.?’ This is confirmed in
figure 7b where the nanoparticle control groups had lower cell adhesion densities under
indirect contact conditions. YSZ densified discs are regarded as nondegradable materials
and not expect to release nanoparticles. The concentration used in the control groups (10
mM) is a larger number of nanoparticles than expected to be degraded in the application.
The pH values of post culture media as well as the ion concentrations of Zr** and Y?** are
analyzed in figure 8. Figure 8a displays the pH values in a narrow range between 8.05-8.24
with some statistical differences. Figure 8b shows that the nanoparticle control groups,
3YSZ_np, 6YSZ np, 8YSZ_np, and 8YSZ Pnp, had statistically higher Zr**
concentrations than all the YSZ discs except 3YSZ as well as the other Ti, Glass, Cell-only
and Media-only controls. The 3YSZ disc had a lower Zr*" concentration than the
nanoparticle groups with an average of 1.45 £ 0.69 uM (0.13 £+ 0.06 mg/L). Figure 8c,
displays that the YSZ samples with synthesized nanoparticles densified with SPS have a

higher average Y** concentration than CAPAD YSZ discs. The 8YSZ_Pnp that were
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synthesized in house had the highest Y3* concentration, statistically greater than all the

other commercially bought nanopowder samples, with a concentration of 13.62 + 6.97 uM

(1.21 + 0.62 mg/L).
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Figure 8. (a) pH values of post culture media. (b) Zr4+ and (c)

Y3+ ion concentrations in post culture media after 24-hour
direct culture. Data is shown as a mean * standard deviation (n

3), *p < 0.05, **p < 0.01, and ***p < 0.001.
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The standard pH value for post culture media is in the range of 7.2-7.4 while we measured
values slightly higher in the range of 8.05-8.24. The 5% CO; in the incubator works to keep
the pH relatively neutral at 7.4. The YSZ discs in the culture sometimes release Zr** and
Y3 ions which can affect the pH and thus manipulating the BMSC adhesion and
morphology in the indirect contact condition. To determine whether the increased value of
pH that we measured was a result of the materials released from the YSZ, a media-only
control was used. The media only control had a similar pH value as that of the YSZ
ceramics demonstrating that the YSZ was not the source of higher pH values. The raised
pH value is likely due to the evaporation of CO. when the media is moved outside the
incubator.

Releasing of ions such as Zr** and Y** could have adverse effects on the cytocompatibility
with BMSCs. Figure 7a shows how both the polished (8YSZ, 4YSZ_P, and 8YSZ_P) and
unpolished (8YSZ_R, 4YSZ PR, and 8YSZ_PR) groups showed lower average cell
adhesion density than other YSZ samples under direct contact conditions. This could be
attributed to higher average Y3* concentrations from those same samples in the post culture
media as shown in figure 8c. BMSCs under direct contact conditions could be exposed to
higher Y** concentrations since there are more Y3* ions closer to the YSZ sample.
However, the average Y3* concentrations were in a safe range (lower than 10 uM) for those
groups which explains the similar BMSC adhesion densities for all the samples in indirect

contact conditions.
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Figure 9. XRD spectra of polished YSZ (a) before and (b)
after 24-hour cell culture.

The XRD spectra is shown in figure 9 has before (a) and after (b) the 24h cell culture. The
spectra look the same with crystal planes of (111), (200), (220), (311), (222), and (400)
meaning that the material stayed stable with no mineral depositions throughout the 24 h

culture study.
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5.4: Conclusions

As the cranial window is implemented, strong mechanical properties and biocompatibility
are important but maintaining transparency on the window determines the potential
applications. Therefore, preventing scratches from occurring which could greatly reduce
the transparency by scattering the light. Polymeric cranial windows, glasses such as pyrex
do not have the wear resistance that YSZ discs have. While the implant is inserted in the
cranium, other factors may decrease the transparency such as mineral deposition and cell
adhesion. The mechanical properties and cytocompatibility of commercially available
ALON discs were investigated by Bodhak et al. for orthopedic applications.?® While
ALON has good transparency and hardness (15.14 + .46 GPa), the adhesion density of
human fetal osteoblast cells (hFOB) on the ALON discs was significantly higher than that
on the control of titanium along with deposition of minerals meaning it lacked the
necessary cytocompatibility.?° The XRD spectra shown in Figure 9 after 24 h of cell culture
indicated that there was no mineral deposition from the YSZ discs. Additionally, the
polished discs of 8YSZ, 8YSZ_P and 4YSZ_P had lower cell adhesion densities than any
of the other YSZ samples, the Ti control and glass reference under direct contact conditions
indicating they might be able to retain their transparency longer.

The potential for YSZ discs to be use for cranial window applications was investigated in
this article in terms of composition, processing, microstructure, surface properties and
cytocompatibility. Generally, YSZ disc groups showed good cytocompatibility with

BMSCs in addition to no mineral deposition on the surface after cell culture. The samples
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of polished 8YSZ, 4YSZ_P and 8YSZ_P look to be the best samples due to their lower
BMSC adhesion density than the other groups meaning they could maintain their
transparency for longer time. On the other hand, 4YSZ_P and 8YSZ_P released more Y3*
ions indicated potential problems with cytotoxicity in long term cell cultures. Leaving
8YSZ as the best option for cranial window applications in terms of transparency,
cytocompatibility, cell adhesion density, Y3* ion release and mineral deposition. Further
studies will be needed including clinical trials to further evaluate the potential for 8YSZ as

a cranial window application.
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Chapter 6: Conclusion and Outlook

The work in this dissertation investigated the application of two different nanomaterials
and their application potential to improve public health. ZrN demonstrates efficient use of
the sun’s green energy source for the purpose of removing heavy metals contaminating
water. YSZ is proposed and comprehensively investigated to optimize the mechanical
properties of 3YSZ with the optical properties of 8YSZ for a ceramic cranial implant or a
“Window to the Brain”. The implant would allow for improved diagnostic and treatments
for the rising number of brain injuries in the world. I will now comment on the viability of
these applications of ZrN and YSZ to contribute to public health.

In chapter 2, | demonstrated that ZrN achieved more efficient reduction of chromium (V1)
than the more commonly used semiconductor TiO> without an additional cancerous
catalysis like methanol. I measured a reasonable quantum yield with ZrN in the visible part
of the spectrum meaning that ZrN is able to oxidize the water to facilitate the reduction of
the heavy metal chromium (VI). Material characterizations and experiments in the dark
provide convincing evidence that ZrN is not participating in the reaction in addition to
thermal experiments in the dark that rule out major photothermal contributions.

In chapter 3, the reduction kinetics of ZrN in solutions with water and methanol is
investigated and compared with another alternative plasmonic material, TiN in using
visible radiation to reduce platinum (IV). ZrN is shown to have more potential as a
photocatalytic material with visible radiation than TiN. However, TiN has a potential for
NIR applications because the plasmonic response that is closer to the biological windows.

Then ZrN is compared to TiOz in the removal of chromium (VI) in solutions but with
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methanol to facilitate the reaction. ZrN demonstrates a practical quantum yield with visible
radiation and even demonstrates a higher quantum yield than TiO; in the far UV.
Chapters 2 and 3 1 discuss the mechanisms which plasmonic particles, specifically ZrN,
are able to photocatalyzed reactions. | comprehensively investigate the reduction kinetics
as a function of illumination power and found a sub-linear dependance that is consistent
with the photogeneration of charge carriers. Furthermore, the solution must reach a
temperature in the dark much higher than it achieved when the solution is illuminated to
have the same reduction rate. Future work should continue to investigate the photothermal
properties of plasmonic nanoparticles by attempting to directly measure the temperature of
the particles.

Zirconium Nitride is proposed as an alternative plasmonic material to efficiently use a wide
spectrum the suns energy for the removal of heavy metals from solution. However, research
suggests that nanoparticles are potentially harmful to human health removing the
environmental flair to apply ZrN for water purification. It is important as well to take into
account the energy needed for both the removal of nanoparticles from water and already
high energy production of plasmonic nanoparticles to do a full environmental impact.

In chapter 4, the synthesis and densification of YSZ nanopowder was investigated. First, |
optimized the YSZ synthesis such that we have both control over the composition of the
material as well as the size of the particles. Then I combine the mechanical properties of
3YSZ with the optical properties of 8YSZ by synthesizing 6YSZ nanopowders and
densified them using a Spark Plasma Sintering process that uses fast heating rates and a lot

of pressure to solidify the powder into a puck. The 6YSZ was compared with an 8YSZ
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nanostructured ceramic cranial implant and find that further investigations should continue
to try to optimize the balance.

Chapter 4 screened the cytocompatibility for YSZ cranial implants using commercial
powder densified with a CAPAD process and in house synthesized particles densified with
an SPS process. The results here point to the problem both having an optical transparent
but as the skin and bio tissues grow, they also block light. | determine in this work that
8YSZ seems to be the best option in terms of the optical transparency, mechanical
properties, and cytocompatibility however long-term studies need to investigate the
commercial viability as well as the potential harm to the environment.

Chapters 3-4 were part of a collaboration containing nine research labs across Southern
California and Mexico focusing on nanopowder synthesis, densification, characterization,
waveguide  writing, optical fibers, antibacterial studies, biocompatibility,
cytocompatibility, imaging and therapy. Collaborative work is important science for the
pursuit of knowledge, but the cranial implant seems to only provide limited optical access
of the brain even optimized. That NIR wavelengths are able to pass through skin without
damage already.

Scientific research opens the potential for technology to improve public health but it is
important to be critical of the cost and the cradle-to-gate energy demand of these materials.
If plasmonic particles are able to more efficiently facilitate chemical reactions than current
methods, | propose whether the energy cost in production greater than that which is saved?
Is the cost to research for certain applications the best use of resources to improve public

health?
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