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Zinc Oxide (ZnO) belongs to the (11-V1) wurtzite semiconductor that has found
practical applications across multiple disciplines. One of its first main uses was in the
application of ultraviolet protection (sunscreen) since it has a bandgap that absorbs in the
UV. In more recent years, researchers have been manipulating ZnO properties,
specifically its bandgap, to use it as an alternative for applications that require hazardous
and toxic materials. This dissertation focuses on developing sol-gel based synthesis
methods to tailor electronic properties of ZnO. The sol-gel methods developed in this
dissertation provides understanding of how size, shape, and composition of ZnO can be
controlled by nucleation growth followed by solvent-driven self-assembly processes.
Through this modified sol-gel synthesis approach, the use of dopant materials can be
introduced using mostly first row transition metals and showed morphology changes as
well as mixed crystal structures, leading to changes in optical and electronic properties.

From the first project, the modified sol-gel synthesis made use of six organic
solvents showed that solvent choice plays a role in the morphology of zinc oxide but also
affects its electronic structure in terms of optical bandgap. The solvents act as a surfactant
and through the promotion of Oriented Attachment allowing nanorods, nanospheres, and
nanoslates to be formed. The optical bandgap showed that there was a wide range
between the solvents but after annealing showed similar values of 3.37 eV showing that
the solvents were on the surface of the nanostructures as a surfactant. TEM and X-ray

diffraction showed all morphologies were highly crystalline except DMSO having a wide



peak at the [101] due to the grain size of the structure. Overall, DMF is the preferred
solvent due to its bandgap being similar to the others, high crystallinity, and solubility in
the system. This shows that solvent choice can play a crucial role for modifying
morphology and optical bandgap of ZnO.

The modified sol-gel synthesis was further tested with the incorporation of
dopants into the system at different concentrations. Choosing DMF as the solvent due to
the results of Aim 1, six dopants were tested having similar ionic radii or valency. The
dopants were incorporated with the dopant metal ions ranging from 1-5 % across
multiply trials to dope the ZnO nanorods. Results showed that morphology was not
maintained by all but two, which were Copper and Erbium. All others had either changed
morphology or had mixed morphology showing incompatibility for maintaining ZnO
nanorod formation. It was also observed that Copper at higher concentrations of dopant
was able to produce hierarchical structures leading to the idea that solvent choice with a
dopant precursor could lead to more exotic structures in the future. Optical bandgap
measurements were made and while all gave a blue shift from the original ZnO nanorods
spectra, all were within tenths of an eV leading to no immediate favorite. X-ray
diffraction was done and showed that the largest peak shifts were from copper and
erbium, both of which formed nanorods. All other dopants caused a shift but was either
minimal or had added peaks in the system further showing that the multiple morphologies
were separate from the ZnO crystal lattice. In short, using the modified sol-gel method in

the presence of DMF show promise for certain dopant metals.



The final project took the modified sol-gel synthesis and furthered the process by
incorporating it as a core-shell system. Taking ZnO nanorods made in DMF, they were
suspended in different concentration solutions of cobalt(Il)nitrate under heat. The use of
SEM showed nanoparticle formation occurred on the surface of the ZnO nanorods.
Verification of the particles was done with (S)TEM/EDS showing the lattice spacing and
elemental composition to be cobalt oxide. Using X-ray photoelectron spectroscopy, the

cobalt oxide was determined to be in the Co?" state.
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CHAPTER |

INTRODUCTION

1.1 Zinc Oxide

Alternative materials are constantly being discovered for a multitude of
applications to replace them with more efficient and cost-effective materials.! What is
often overlooked is the need to look into materials that are not toxic and hazardous as
well.! In the realm of semiconductors this holds especially true. While the materials
currently used in industry are highly effective, and they do have some systems in place to
recycle these materials safely, certain semiconductor industries lack this infrastructure.
This, in turn, causes these materials to go to landfill and pollute the environment. The
solar industry has only been around for a few decades and has made great strides to
produce green energy. It is with a heavy heart to state that while the purpose of the
product is ecofriendly, the process and the materials used are not. Here we discuss the use
of zinc oxide as an alternative material to possibly replace even one aspect of these
current devices.

Zinc oxide as a material has multiple benefits that allows it to be a potential
candidate for a replacement material in the solar industry. First, it is incredibly safe to
handle in bulk form. One of the first applications of zinc oxide was sunscreen and has
been used in toothpaste. The next argument is abundance with zinc being the 24" most

abundant element in the earths’ crust with the annual production being around 11,900,000



tonnes along with zinc oxide being relatively cheap and easy to process. Most
importantly though are its material properties. Its hexagonal crystal structure allows the
material to be a piezoelectric material due to the asymmetrical geometry of the crystal.
Both crystal variants, the other being cubic, are mostly transparent material as a thin film
that has a high electron mobility and wide optical bandgap that borders the visible
spectrum.
1.2 Zinc Oxide in Devices
From almost every piece of literature, it is stated that the hexagonal wurtzite
structure with a 3.37 eV large bandgap and a 60 meV exciton radius of zinc oxide (ZnO)
makes it a viable option for devices.™* Whether it be for energy harvesting, biosensors,
piezoelectric, to gas sensors, ZnO has a variety of applications.®>>*° Probably one of the
most underutilized characteristics of ZnO is the ability to control its morphology. From
the plain thin film to the nanorod, ZnO has probably as many shape varieties as gold.
Depending on what synthetic scheme is used, the possibilities can be vast.®
Taking a certain amount of material of the same mass and cutting that mass into
nanoscale units has drastic effects on its properties. One of the more prominent reasons
why we care to change morphology is to study its electronic structure. By shrinking sizes
down to the nanoscale, certain properties change such as bandgap or charge transfer
mechanisms.!! This is demonstrated by comparing thin films to its nanostructure form,
where by increasing the surface area, the more a material is able to transfer electrons to
an acceptor when dealing with photovoltaics. In fact, in a p-n system the effective length

an electron can viably travel to another material is approximately 10 nm leading to the



statement of, for thick materials it is mostly wasted space. ZnO specifically has an
electron travel distance of 1.8 nm.! When it comes to the nanoscale, the number one
dominating factor everyone talks about is the increased surface area. By increasing this
aspect of the system, you allow any material to interact much greater for whatever
application it is being used. Therefore, controlling morphology and dimension become
imperative when optimizing for electronics.
1.2.1 Wet Chemical Synthesis of ZnO

There is a push to make synthesis as green as possible restricting the scientist to
basic solvents such as ethanol and water. While non-aqueous synthesis has been done it is
not as accepted since some of these chemicals can be toxic to the environment and the
scientist.!>!3 An argument can be made that solvent driven morphological studies have
not progressed as far as other methods. Solvent driven synthesis can offer a pathway for
more controllable morphologies for ZnO and possibly other systems as well. Taking
advantage of how solvents are aprotic, protic, and non-polar can lead to alternative
methods that could possibly be more desirable tailoring the nucleation and crystal growth
to achieve size and shape-controlled metal oxide nanostructures. By taking advantage of
specific features, namely polarity and steric hinderance of a solvent, there are definitely
ways to control the formation and growth of ZnO nanostructures. For these reasons the
choice has been made to pursue this study in hopes of finding easier methods for

morphology control of ZnO-based nanomaterials.



1.2.2 Doping ZnO with Binary and Tertiary Metals
Doping has been proven to be an effective method for changing certain properties,

specifically electrical properties. By creating defects in the lattice of any crystal, bonding
orbitals dilate or contract depending on the dopant used.'* This results in other properties,
like bandgap, to be changed to an extent.}* While doping is a common method for
changing bandgap, a major component that is left out is how well morphology of the
original system can be maintained. One type of system where doping does not affect
morphology is when nanorods are grown on thin films. This is mainly due to the thin film
having localized sections of crystal structure called grains where the growth orientation is
orthogonal to the plane. These grains act as nucleation sites for the precursor material to
bind along with the dopant metal to form nanorods. While the dimension of nanorods
may change in thickness and/or in length, they are still aligned nanorods. For a sol-gel
synthesis with no substrate acting as a scaffold, localized dopant metal may kinetically
act faster than the zinc hydroxides form. This would leave a minimal amount of dopant
hydroxides that would have a significant impact on the morphologies. This leads to
deviations from the original synthesis and can yield undesirable results. One instance is
Zn0O being doped with iron in different concentrations turning zinc oxide nanorods into
iron doped zinc oxide nanospears, which for biological applications would have
disastrous consequences.®
1.2.3 ZnO Core/Shell Systems

The use of core/shell systems have the unique advantage of the starting material

already being well defined and only needs post modification.!® High controllability has



been achieved however the use of toxic solvents, capping agents, and precisely controlled
environments make this method somewhat unappealing even though the method is well
defined.” An example comes from ( Schaak et al.) where there base particle is a copper
sulfide (CuS) nanorod.t” Through multiple cation exchanges they are able to obtained a
highly mixed nanorod with eight different sections being of different elements and crystal
structure. This method uses a one-pot synthesis method in inert atmospheric conditions
ranging from 80 — 220°C as well as chemicals such as benzyl ether, octadecene, and
oleylamine. This dissertation will put forth effort into using aqueous means for post
modification by only using concentration and temperature as parameters as there is little
literature on a core/shell and cation exchange methods via green aqueous methods. This
would push forth the sol-gel chemistry further into nanoparticle synthesis in terms of
complexity and applications.
1.3 Current State of the Art

There are many variations for the synthesis of ZnO to tailor it to a specific
application. As stated, anything from LEDs to chemical sensing.®® In most applications,
these methods prefer making either nanoparticles or nanorods using mostly aqueous
experimental design. Some even take inspiration from plant extracts as a means to control
size and morphology for a truly “green” synthesis.'®24 Through spanning the space of
variables, it is possible to get desired results with these chemicals. One thing that you will
notice from literature is that while they are using water as the main solution, the precursor
is typically an exotic nitrogen compounds like hexamethylenetetramine (HMTA) that

facilitates growth.?>2® Therefore, the goal of this project is to expand sol-gel synthesis



with the introduction of organic solvents to the sol phase. This will allow possible new
structures to be synthesized and an alternate means of achieving known nanostructures.
By developing this modified sol-gel method, it leads to how organic solvents would
affect the morphology if divalent or trivalent cations were added as a dopant material to
the sols.

Once again, doping has been used for a variety of applications. In the case of zinc
oxide, most try to take advantage of its tetrahedral coordination bonding as a crystal for
sensing applications.?’~2° The other is for its optical properties specifically solar cells or
for catalytic properties.?®° In a more general sense, zinc oxide in terms of single element
doping is not uncommon, with D. Lee et al. noting there have been 61 dopant elements
that have been used in zinc oxide to modify its properties from over 500 papers.?® By
adding a dopant precursor and mixing it with our zinc sol in the presence of common
organic solvents, the field can gain insight and further its understanding for modified sol-
gel synthesis.

As this dissertation suggests, modification of zinc oxide using eco-friendly methods
is one of the main topics. Another way modification can happen is the introduction of a
shell material around our nanostructures making a core/shell system. A core/shell system
can happen using one of two routes with the first being growth on the zinc oxide particle.
For thin film applications of zinc oxide aligned nanorods, this process is well understood.
Using atomic layer deposition, the nanorods can be uniformly coated with any
appropriate metal that can closely match its crystalline structure.3* For sol-gel systems,

care must be taken to ensure that functional groups, surfactants, or pH balance are



compatible to give the greatest probability for this system to occur. In Yadzi et al. they
make the choice of ammonia to change the pH to 10, under vigorous stirring at multiple
temperatures.®> Ammonia was chosen since it weakly binds to the Fe3O4 and as zinc
acetate in ethanol is introduced, the zinc ion replaces the ammonia resulting it as a
byproduct. This would more than likely not work if the base was potassium hydroxide sin
the OH group is a stronger bond to the iron oxide particle. The second method would be
ion exchange which is the replacement of atoms vs growing. Schaak et al. demonstrates
this by using CusS of quantized dimensions and while maintaining size and shape, has a
change of composition in eight regions.}” As mentioned prior, this method has its
drawback in that high temperatures are used in inert conditions with hazardous
chemicals. Here, the goal is to eliminate the need for high pH or hazardous experimental
setup by controlling parameters in aqueous conditions.
1.4 General Goals of Research

Overall dissertation hypothesis:
“Sol-gel based wet chemical synthesis methods followed by solvent driven self-assembly
processes will provide a path to tailor properties of ZnO nanomaterials and its binary
metal-doped structures.”
Rationale:

While modification of ZnO to tailor its bandgap has been done, what has been
done via physical processes, not much work has been demonstrated using wet-chemical
synthesis methods, in particular, an aqueous method at low temperatures. Controllability

of ZnO in terms of size and shape remain elusive, which holds especially true for



nanorods in particular. Nanoparticles are easily made via ball milling, capping with
coordination compounds, and other high temperature methods.*-?>3* However, nanorods
of high uniformity specifically with nanorods using aqueous routes as well as the
modification of them have not been reported. Hence, there is a need to explore possible
alternatives for making ZnO nanorods in large scale via environmentally benign aqueous-
based methods.

Addressing the overall hypothesis, this research proposes three specific aims:

Aim 1 - Developing a sol-gel based environmentally benign synthesis method to make
size and shape controlled ZnO nanostructures.

Hypothesis — Polarity of the solvent will drive the nanocrystals (sols) self-assembly while
the solvent acts as a surfactant, adsorbing onto the crystal facets with the highest surface
energy.

Rationale: The synthesis of ZnO using the sol-gel process provides sols to self-assemble
into different shapes and sizes, where crystal growth can either follow Ostwald Ripening
mechanism or Oriented Attachement mechanism, or both. Also, sol-gel method is chosen
due to the ease, affordability, and scalability to industrial applications. In typical shape
controlled ZnO nanomaterials preparation, amine-based solvents are employed as a base
and for the coordination of zinc ions to form structures. While these methods are great for
control experiments, the main problem is short chain amines are hazardous. Therefore,
the choice is made to use an alternate green route, while providing a path to control the

dimensionality via self-assembly process.



Expected outcome:

Aim 1 will result in: A sol-gel based solvent polarity driven synthesis method to make
ZnO nanostructures with different controlled morphologies, thus this method can be used
to discover new morphologies of metal oxides from other binary and tertiary transition
metals.

Aim 2 — Exploring a sol-gel based synthesis method to make bi/trimetallic oxide
nanostructures by doping ZnO nanorods with di/trivalent metal precursors.

Hypothesis — Doping the wurtzite ZnO crystal structure with other binary and tertiary
transition metal ions with the same size and valence may have an effect on the electronic
properties of ZnO nanorods.

Rationale: By controlling the morphology through our solvent based synthesis method,
fine tuning will result in particles that mean cation exchange conditions to further change
the bandgap of the material.

Expected outcome:

Aim 2 will result in: (1) An understanding of how experimental design can affect the
morphology of the same system. (2) Optimizing conditions so that dopants can integrate
into the lattice without disruption of morphology.

Aim 3 — Developing Core/Shell method using aqueous solutions

Hypothesis — Making core/shell systems typically require harsh environments, however
we should be able to manipulate an aqueous system via thermodynamics to achieve the

same result.



Rationale: By choosing an appropriate candidate for the shell material, specifically one
with the same oxidation state, this will allow favorable conditions. Then by manipulating
saturation and temperature, the precursor should favor the zinc oxide as a nucleation site
and grow uniformly on the surface.
Expected outcome:
Aim 3 will result in: (1) A relatively green and simple method to make core/shell systems
using first row transition metals. (2) Extending this procedure to thin film applications via
solar cells.
1.5 Dissertation Layout

This dissertation has been organized under six Chapters. The First chapter starts
with an overview of zinc oxide and its relevance towards semiconductors. This will also
go into detail as to why ZnO is an attractive material. For the second chapter, an in-depth
background will be discussed covering all aspects on how to modify ZnO through
multiple wet-chemical synthesis routes. Chapter 111 will discuss the approach and
methods used and briefly discuss the reasoning behind them. The fourth chapter will give
a full description of the materials used and the experimental setup used for each of the
three aims. In the fifth chapter are the results and discussion of each of the three aims.
The first aim being how solvent choice can affect the morphology of ZnO during growth
as well as how it changes the bandgap of the system. The next project is to have zinc
oxide as a core material and form a shell using the binary transition metal cobalt. The
third aim will be how to incorporate other binary and ternary metals as a dopant material

to ZnO in order to change the bandgap of the material. In Chapter VI, an overall
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conclusion of the research will be described as well as possible future studies and

recommendations.
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CHAPTER I

BACKGROUND

2.1 Synthesis Methods to Prepare ZnO Nanostructures

The breadth of possibilities is endless for creating nanostructures. From top-down
approaches reaching ordered features on the 7 nm scale, to bottom-up creating 1 nm
CQDs.! All methods are viable and provide insight on strategies necessary to develop
optimized systems. While there is a slew of different methods to synthesize and produce
zinc oxide, the main way for the highest amount of variability and controllability would
be through wet synthetic methods.
Bulk zinc oxide is of the I1-VI n-type semiconductor group with a large, direct bandgap
of 3.37 eV and exciton energy of 60 meV with gallium nitride being only 25 meV as a
comparison.?™ Historically, ZnO was used as sunscreen since it effectively absorbs in the
near ultraviolet range. This same material is still used in the rubber industry and plays a
vital role in the vulcanization process.* Also, the large exciton energy means ZnO is not
susceptible to trap site degradation that leads to a shorter lifetime for devices.®
Synthesizing ZnO nanostructures can result in a shift in the bandgap that is dependent on
the size and morphology of the nanostructure. One of its more attractive features is the
ability to synthesize many kinds of structures by just varying the technique or even the
conditions of the same technique during the synthesis process. While a majority of the

solar cells rely on a top-down approach, using a solvent-based bottom-up approach is a
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viable method for zinc oxide. In Figure 2.1, the two main crystal orientations are shown
to be cubic and wurtzite.® While the cubic formation has its uses, the hexagonal form is
what makes it a notable contender for the electronics industry. Due to the asymmetric
nature of a=b=c, in hexagonal structures, ZnO as a piezoelectric is of high interest.”
Also, with the hexagonal formation, it allows for better electrical conductivity pathways
due to orientation and is almost exclusively the formation that is studied. For these

reasons the rest of this discussion will focus solely the wurtzite crystal structure.

Zinc Blende Wurtzite

Figure 2.1. Crystal Variants of Zinc Oxide.

2.2 Sol-Gel Synthesis
The term sol-gel is the product of the first step being the breakdown of precursor
material into a colloidal solution (sol) and then the combination of these sols into a
network to create a larger system (gel) or gelation.® This category of synthesis is

elementary by nature but has huge impacts for certain systems. One of the main things to
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consider in these reactions is the amounts of starting precursor material as well as the
volume in which it is dispersed into. On top of this, heat dependence can play a huge
factor in terms of dimensional uniformity and even morphology. Even the rate at which
you add precursor material can affect the system. With so many nuanced variables it is
important to take into consideration what the goal of the synthesis should be as well as
have some insight for what could or could not happen. An excellent example of sol-gel is
the synthesis of silica nanoparticles.

The Stéber method is a specific example of the sol-gel process using
tetraethoxysilane (TEOS) and water.° It is a two-step process in which we introduce
TEOS into water and let the solution mix which allows hydrolysis to happen. This results
in the formation of ethoxyethanols and with time and/or heat condenses into a Si-O
matrix that can form gels or particles depending on the conditions. Condensation is
simply the process that the reaction produces water or ethanol as an end product.
Hydrolysis and condensation are very important aspects for the sol-gel process especially
when it comes to metal oxides and their synthesis.

2.3 Metal Oxides

When working with metal oxides and their synthesis, it is often preferred to use
their metal alkoxide forms since they react very well with water and the only by products
are typically ethanol and/or water. As stated, when the metal alkoxide is introduced into
water or ethanol, metal hydroxides form in the hydrolysis step. Then with time and heat,

they grow into their desired structures with easy cleanup. For thin film applications, these
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precursors can be in gas canisters and used for very precise control over thickness and
even surface roughness. The big downside to metal alkoxides is that they can be unstable
in ambient conditions and require inert and or moisture-free conditions in order to use
them effectively. This is why we choose to look for alternative precursor materials in

hopes of safely producing the same quality product.

=MX+M*"—0—-R — =M-0-M"=+RX

=M-OR+M*"-0-R — =M-0-M"= +R-0-R

=M-0-CR+M*"—0—-R —m—p =M-0—-M*= +RO-CR’
4 5

Figure 2.2. Schematic Showing Typical Synthesis Pathway for Metal Oxides. Top: Alkyl
Halide Elimination, Middle: Ether Elimination, Bottom: Condensation (Ester or Amide
Elimination).

Within these synthetic reactions, it is possible to control morphology and
dimensionality of the system. This can be achieved by addition of capping agents, ion
concentration, pH, or even clever choice of precursor. In Figure 2.3, all morphologies
shown are the result of one type of synthesis with clever choice in precursor and initial
conditions through vapor liquid solid (VLS) deposition.® While this method can be
versatile, issues arise when energy consumption is put under observation. This method
involves very high sustained temperatures for significant periods of time. More so, with
the amount of variation a system can generate to yield a vast amount of results,

troubleshooting can be quite extensive at times. For these reasons wet synthetic methods

are preferred and almost exclusively discussed.
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Figure 2.3. Different ZnO Morphologies. Wang, Z. L. Zinc Oxide Nanostructures:
Growth, Properties and Applications. J. Phys. Condens. Matter 2004, 16 (25).
2.4 Nanoparticle Growth Process and Mechanisms

The LaMer mechanism is an old but relevant primary theory of how nanoparticles
form in wet synthesis conditions.! This mechanism is a three-stage process shown in
Figure 2.4. The first stage is the precursor material is already broken down into its
fundamental form, a monomer, the reaction starts and the monomers get concentrated
together to form clusters, which is necessary for particle growth, or nucleation. Second
stage is after the initial gathering of monomer clusters, there is thermodynamic relaxation
thus drops below the nucleation threshold. Stage three is once the monomers are below
the nucleation threshold and aggregation occurs to form particles by the addition of

monomers to the surface of the growing particle. This particle growth is known as
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Ostwald Ripening.'? Ostwald Ripening typically gives unfavorable size dispersion of
particles. While there can be additions that could be made to the primary theory, this is

the most accepted.
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Figure 2.4. LaMer Mechanism. Cryst. Growth Des. 2017, 17, 2, 794-799.

Ostwald ripening is the process of a nucleation site for crystal growth, but due to
poly crystallinity or non-homogeneity of the solution, crystals being fused, twinned, and
leads to size inequality in the system. For nanoparticle systems, Ostwald ripening can be
thought of as the “gel” portion of sol-gel synthesis. The main difference is that it is not an
amorphous gel but discrete particles for metal oxide systems. As stated, Ostwald ripening
is the main cause for vast dispersions in size. This is due to the fact that during stage two
and conditions set, there are a certain number of nuclei within the closed system and have
a maximum size equal to the amount of precursor divided by the number of nucleation

sites. “While the number of nuclei formed can undoubtedly be altered through the choice
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of reaction conditions, systematic, predictable control of nucleation is extremely
difficult.”?

A mechanism that has the ability to control the Ostwald Ripening process is the
used of Oriented Attachment. As ripening occurs in the system experimental parameters
can be chosen to ensure certain morphologies from the crystal growth. By using organic
solvents in the system, they will interact with the sols of the ZnO and bind to crystal
facets that are preferred or have the highest surface energy to the crystal.** From this,
crystal growth is inhibited along these facets and promoting growth in another
direction.’® By categorization of solvent, trends and tendencies can be deduced that could
lead into nanostructures that have better aspect ratios or even new shapes that have
advantageous design. This feature of using organic solvents is primarily due to the
difference in polarity as well as surface adhesion during crystal growth.'®1” While other
parameters like pH control and ion concentration do affect the morphology to a certain
degree, Oriented Attachment if more selective and controllable.

2.5 Green Synthesis for Metal Oxides

As mentioned prior, the ability to control the number of nuclei or rather, control
the overall particle dimensions for the final product is quite challenging. Add to the
equation that we are also trying to control morphology and the problem is even more
difficult. In order to alleviate this problem, the focus will be what precursor and what wet
synthetic system can be used to control these effects. While precursor will be saved for

discussion later, the solution to the solution is using mixed conditions with a variety of
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solvents. As mentioned, most literature prefers conditions such as methanol, ethanol,
and/or water. This is mainly due to those solutions being environmentally friendly and
waste is non-hazardous. However, this mindset is limiting as well as simply disregarding
other solvents. Bear in mind that the LaMer mechanism is a three-stage process where the
first two stage have more to do with the chemistry of the solution rather than particle
formation. From that, we can formulate the idea of different solvents may promote and/or
restrict growth in terms of size and shape. By using aprotic, protic, or non-polar solvents,
the ability to control these two factors should be possible. Based on the dipole of the
solvent and other factors, the solvents will bind to specific crystal facets promoting or
inhibiting growth, promoting rather than self-assembly driven Orientated Attachment
mechanism for the formation of 1D anisotropic morphologies. For reference, a non-polar
aliphatic chain like octadecene will typically form spherical particles because the solvent
has no bias with how it interacts with the beginning nuclei.'®

In order to fix the problem of using difficult precursor materials, attempts have
been made to use alternatives. With the choice of precursor material changed, the next
question becomes how to control these systems effectively? It’s for this reason we choose
metal precursors that come in the form of salts like chlorides, sulfates, nitrates, and so on.
Furthermore, the type of precursor could have a tendency to form other morphologies in
certain systems.'® This is where we can take advantage of how nucleation is achieved and
use solvents to drive the morphology into a certain configuration. The main problem with

these precursors is the by product is usually not so easy to clean on top of which the
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ligand present can have a large effect on the overall synthesis in general. So not only does
the chemist need to consider the starting material but also the by-product leftover (side
reactions). For this reason, most syntheses choose reactions whose side products can be
easily washed with water.

Of course, there needs to be a way to manipulate the morphology to get the
desired result. This in turn leads us into what parameters could be changed to reach the
overall effect. One answer is pH for the system, by making conditions more basic or
acidic, there can be preferred crystal growth along a certain axis. This has been shown in
ZnO that if pH is below 9.0 then the morphology will be sheets, 9.0 and above they tend
to form rods.*®? Likewise, choice of solvent can equally play a major role in determining
crystal orientation and growth of nanomaterials. However, there are still major factors to
consider when doing these kinds of syntheses with one being uniformity.

2.6 Doping and Core-Shell Synthesis

Synthesis methods vary in terms of how to dope zinc oxide. The method used is to
dilute amounts of dopant precursor during the sol process so that it incorporates in the
lattice evenly. Typical dopant levels can range from 5% to one to one hundred million in
the case of silicon semiconductor wafers. Common elements for doping specifically to
shift the bandgap of ZnO are typically magnesium and cadmium. Figure 2.5 shows how
the conduction and valence bands would behave if dopants were introduced into the ZnO
system. Cadmium would represent a bandgap reduction of 3.0 eV while magnesium

would expand the bandgap to 4.0 eV.
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When doping is considered, it is important to understand how dopant materials
will fit into a system. One thing to consider is the valency of the dopant while another is
its ionic radius. As one might suspect, magnesium is used as a dopant because its ionic
radius closely resembles zinc allowing it to fit comfortably within the lattice. What
causes the bandgap to shift for this case is the fact that magnesium uses its p orbital to
have electrons flow vs zinc and its d orbital. On the other end, cadmium is directly below
zinc on the periodic table and would have similar properties. The notable difference is it
has a larger ionic radius causing a strain to the wurtzite crystal, this causes orbitals to

shift and thus result in a bandgap shift.

Conduction
Band
E [ Fermileve] ™= 3.37eV 3.0eV 4.0eV — } Bandgap
Valence
Band
ZnO Doping Doping
Reduction Expansion

Figure 2.5. Bandgap Shift Diagram.

An important discussion is why doping is considered in the first place. In essence,
a foreign element adds a certain strain on the crystal lattice. From this strain, orbital
bonds shrink and/or stretch causing the valence and conduction bands to either expand or
contract. This effectively changes the bandgap of the system and this is why doping is a

preferred method when changing electronic properties of materials. In Figure 2.6 is the
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wurtzite crystal and a substitute atom of the same oxidation state of +2 replacing the zinc.
Another thing to note is optical properties can also be altered such as photoluminescence
by doping the system.

Note that the dopant will only be replacing the cation in the system, zinc. Doping
in regards to the oxygen remains somewhat elusive and quite difficult. This is mainly due
to oxygen acting as a “deep donor” in the system making it challenging. The phrase deep
donor comes from how the oxygen bandgap is positioned from valence to conduction
band calculations indicating that oxygen is further away from the conduction band in
terms of energy.?! Meaning it is unwilling to share electrons and is highly bound to the
system.

Something that is rarely brought up is that while doping may seem like an
effortless process, many things can and will go wrong in the synthesis. If you are trying
to dope using different oxidation state materials, consideration must be taken to
understand which reaction will dominate and react faster. If the dopant material is
consumed before growth of the main system happens then there is no chance of doping.

Other things to note are that if other metals are introduced then there is a
probability that different morphologies can be produced aside from the original
configuration. For first row transition metals in particular, they are known for their color
chemistry due to their strong affinity to coordination of solvents. Due to the strong
affinity, care must be taken as to how to remove these coordination bonds and

incorporate the dopant into the zinc oxide growth system. This can be avoided based on
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the kind of reaction and for hydrolysis and condensation, the mechanism is heat.
Therefore, with thorough stirring and constant monitoring of the temperature to make
sure the condensation step does not occur, confidence in the system being doped can
happen. A guaranteed way to do this would be to chill precursor and solution while
mixing so there are no localized condensation reaction spots within the system. Another
way around this problem that might have more appeal is the use of post-synthesis

methods, specifically Core-Shell systems.

Figure 2.6. Doping Diagram with an Atom of the Same Valency.

Core-Shell (CS) systems offer a unique instance where adding a shell to a system
causes a change in bandgap.?22° These systems are highly tunable and generally have
narrow bandgap regions. What makes this method more exciting is the fact that
multilayering is a possible allowing for great control over bandgap tunability. In Figure

2.7 there is a multitude of ways to adjust a CS nanoparticles. The one thing to note is in
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Figure 2.6 (e, f, g) and how there are two layers involved. The first two can be simply
labeled core-shell-shell (CSS) and it is important to remember that not all materials are
compatible for CS nanoparticle systems whether it be the crystal structure or poor lattice
matchup. Therefore, an intermediary layer can be used to passivate the two materials to
achieve the desired effect. The final figure is a quantum dot/quantum well (QDQW) has
been adapted to have precise shell thickness. An important thing to remember about all
these CS nanoparticles is they are typically under 10 nm in at least one dimension.
Furthermore, some materials have a bandgap that is dependent upon surface plasmon
resonance and the interaction of the two materials at the interfacial layer is what causes a
shift in bandgap.2®-28 Even the number of monolayers of the shell can determine the

bandgap depending on the material.

a.) Typel b.) Type II c.) Type II d.) Reverse Type
E
e.) CSS f.) CSS g.) QDQW

Figure2.7. Core-Shell Bandgap Diagram.

In terms of how these CS systems are attained, the hot injection method is one of

the most common ways to produce metal chalcogenide and bimetallic CS systems.? This
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is typically done as a one pot synthesis due to the reaction being sensitive to moisture and
air. Figure 2.8 shows the overall scheme is to make your particles that will act as the core
and wash away any undesirable by products (ideally there is none) by flowing inert gas in
the solution or forming a precipitate that can be extracted easily. The next step would be
the addition of the second precursor material at some high temperature that will react
with the surface of the already synthesized particle making a shell. This method has
proven quite capable and flexible for a variety of metal Core-Shell systems but is quite
involved and can use toxic materials. As the for the astute observer that might notice,
these systems would typically have no oxygen present in the reaction because most
reactions typically get ruined by it. However, inspiration can be taken from this method
and be developed for the purposes of this dissertation. For this reason, we look to cation

exchange.

A Ar .¢ Ar ¢ A
60 110 110 220
Figure 2.8. Typical Hot Injection Method Procedure.

Cation exchange is the process of either kinetically or thermodynamically driven

substitution of one atom for another.>® In general, substitution of atoms happens only at a
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maximum of 10 nm. This leads to the statement that a full cation exchange process can
only happen with a particle that is 20 nm in at least one dimension. This technique
utilizes different solubilities of metal ions, such that the more soluble metal will get
removed and be replaced with the metal dopant. In this case, outer zinc atoms will be
replaced with the dopant metal precursor by varying concentration of the solution in
different solvents after the ZnO nanorods are already made. This is advantageous since
the synthesis process is only the addition of a step at the end versus changes or
modifications during the known synthesis. While this only affects only a couple outer
layers of ZnO, the exciton energy is large enough so that the ZnO core will still be part of
the n-p transitions with a device as well as the shell of ZnO:M

One example of this method is CdSe to Ag,Se as seen in Figure 2.9.% This also
uses the hot injection method but the mechanism is different as stated earlier. The paper
clearly demonstrates that cation exchange not only replaces the atoms in the particle but
depending on the initial size, it can change shape as well. When the initial size is within
range of the reaction zone width, the nanorod CdSe wurtzite crystal goes to a

nanoparticle as it changes to Ag»Se.
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CHAPTER 11

APPROACH AND METHODS

Chapter 111 describes the three aims encompassing the ZnO system for
modification. Dividing this chapter into two sections, the first will be the synthesis
methods developed to make ZnO nanostructures and its bimetallic oxide nanostructures.
Also, the choice of precursor material will be discussed in depth as to why these are
appropriate choices. The other section will describe the characterization that will be used
for each aim.

3.1 Methodology
3.1.1 Modified Synthesis of ZnO Nanostructures

When creating a synthetic scheme especially when dealing with nanostructures, it
is of the utmost importance to understand all the variables involve in the system. In this
modified sol-gel method, consideration must be taken for type of precursor (both zinc and
oxygen source), the ratio between the precursors, the volume in which the reaction takes
place, and other measurable parameters. This research has not been optimized in terms of
yield or waste product as it is to find alternate pathways to find new morphologies, better
doping strategies, and possible aqueous core/shell systems to improve bandgap and

morphology control for better devices.
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3.1.1.1 Discussion of Synthetic Pathway

The sol-gel method is a common way to make zinc oxide sols and typically cast
onto substrates for growth of nanorods.’ It is common practice to use water or ethanol
for these sols since they are green and easily accessible. Here in this modified sol-gel
method, we take this known reaction and add multiple solvents to the system varying in
aprotic, protic, and non-polar to find correlations in how it affects the formation of ZnO
and its morphology in solution. The solvents used were toluene, m-xylene, acetonitrile,
dimethylformamide (DMF), dimethylsulfoxide (DMSO), and hydroquinone (HQ). The
use of these solvents by taking advantage of van der waals interactions should facility
oriented growth of the same crystal structure.>® These chemicals were chosen on the
basis that these are “common” solvents in a general chemistry lab and therefore easily
accessible. Figure 3.1 gives a general schematic of how the synthesis will be done. The
general set up will be having 0.21 g of ZnCl; and 0.40 g of NaOH dissolved in 30 mL of
the solvent along with 5 mL of DI water. It is left to stir until the solution becomes clear.
Heat is then applied and still stirring for 24 hours to form the nanostructures. The wash
process was decanting the solvent afterwards and sonicating the product DI water in a

falcon tube along with centrifugation afterwards for three cycles.

Solvent/H,O
(6:1 v/v) Condensation
ZnCl, + ? ZnO Sols — ZnO Nanostructures
1:5 mmol o At 80° C

Figure 3.1. Reaction Scheme for Modified Sol-Gel Method.
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Once the morphology, crystallinity, and uniformity are explored for each solvent,
modification of the ZnO system will be done by using an alternate route to create
core/shell will be explored for ZnO to see if aqueous methods are viable. Typically, the
insertion and exchange of atoms in a system have a high energetic cost and therefore
requires either high heat or pressure systems.% Solution based chemistry can be
performed using chemicals such as benzyl ether, oleylamine, tri-actyl phosphine, and
octadecene that results in core/shell systems.'>"1° The shell material precursor will be
cobalt(I)nitrate and was chosen for its oxidation state which makes it more advantageous
since it matches zinc’s valence, size, and properties. Another reason is that other cobalt
precursors like chlorides and acetates are also soluble in water, cobalt nitrate has the
lowest melting point which could further aid if concentrations must be higher than the
solubility of cobalt(I1)nitrate. By changing concentrations in relation to the precursor
material and heating, the cobalt precursor should bind to the outer layers where zinc
oxide acts as a nucleation site to form CoO. Varying the concentrations should inherently
change the kinetics of the solution in such a way that it will be energetically favorable for
zinc to be replaced with cobalt in an aqueous system.**® Figure 3.2 depicts the synthesis
scheme. While doping with cobalt has been done, to date there has not been a good
representation of ZnO with a cobalt shell.?~% This method builds on the synthesis of
Aim 1 since the starting product is already made and the only modification is dispersing
the ZnO NRs in a concentrated metal precursor solution and let it heat for a period of

time.
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Varied
Temperatures

ZnO NR’s + Co(NO;), =y  Zn0:CoO Core/Shell
NR’s + Nitrates

Varied DI water
Concentrations of Stirring
Cobalt

Figure 3.2. ZnO Core/Shell Diagram.

Afterwards, a comparison is made to synthesize and is incorporate cationic
doping. The doping process involves mostly first row transition metals and multiple
synthetic pathways are being explored. Doping is not difficult but doping to maintain
morphology and uniformity of the nanostructure proves troublesome and great care must
be taken in order to preserve these structures.?*~2* This is all to change the bandgap of the
system. Figure 3.3 is a representative scheme of how this will be done. The procedure is

essentially the same except the dopant precursor is added with the others.

DI DMF- Zn'(OR)z M'(OR)z
ZnCL + NaOH + MX, — water —l Met‘fll + Meti'll

2 Metal 1:5v/v and R.T. alkoxide alkoxide

1:5 mmol halide with Stir Stir solution solution
equivalent ZnCl, At varying .

1:1 v/iv temperatures Condensation
with ZnCl2 T =480 °C
24 hrs
MZnO

Figure 3.3. Doping Schematic of the System.
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3.1.2 Research Goals

a.) Aim 1 - Developing a sol-gel -based environmentally benign synthesis method to
make size and shape controlled ZnO nanostructures.

Hypothesis — Polarity of the solvent will drive the nanocrystals (sols) self-assembly while
the solvent acts as a surfactant, adsorbing onto the crystal facets with the highest surface
energy.

3.1.2.1 Method to Selection of Solvents and the Zinc Precursor

Solvents can interact with the growth process through a variety of means whether
it is the dipole associated with the solvent, the shape of the molecule, or even side
reactions from the precursor material. However, the most probable cause for the solvent
giving ZnO determination in morphology would be to the solvent binding to the crystal
facets when ZnO is in the sol stage. Therefore, the choice of precursor that make up the
monomers in the reaction are highly important.

One of the main reasons ZnO was chosen was the fact that Zn only exists in a +2
state and therefore there is no concern of how solvents might drive different
stoichiometric ratios for zinc oxide. Also, certain zinc precursors happen to be a fairly
cheap in comparison to other transition metals and roughly 10° tons of zinc oxide are
produced per year.?® As far as the material used as the zinc precursor, the choice was zinc
chloride (ZnCly) due to the byproduct being some form of salt. Also, while the goal is to
make different nanostructures, ideally nanorods will be made for further modification.

Metal Chlorides tend to form rods in certain conditions.?® Because the byproduct is salt,
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this makes cleaning the product fairly strait forward as only water will be needed for the
wash process. As for the oxygen source, sodium hydroxide pellets (NaOH) will be used
as the nucleophile to donate the OH group for the hydrolysis step. The choice of solvents
that are being investigated, in the writers’ opinion, are common solvents that are
accessible to any lab. Predicting what morphologies would be difficult but due to the
conditions being ran, rods and plates are to be expected.

To complete Aim 1, the research will follow (three) tasks.

Task 1: Sol-gel synthesis methods for ZnO.

Finding the optimal synthetic scheme for morphology and bandgap.

Characterization: UV-Vis, SEM

Task 2: Explore morphology and crystallinity of the ZnO Nanostructures.
Characterization: TEM, XRD

Task 3: Investigate electrical conductivities of ZnO Nanostructures.

Characterization: two probe I-V test system.

b.) Aim 2 — Exploring a sol-gel-based synthesis method to make bimetallic oxide
nanostructures by doping ZnO nanorods with binary transition metal precursors.
Hypothesis — Doping the wurtzite ZnO crystal structure with another binary transition
metal ion with same size and valence may have an effect on the electronic properties of

ZnO nanorods.
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3.1.2.2 Dopant Metal Precursor Selection for ZnO

Building on the modified sol-gel method, it is natural to explore the possibility of
dopants to the system and well they behave. As mentioned prior, investigation of
transition metals will be used for the dopant, specifically first row transition metals. First
row transition metals offer great potential as they are similar in ionic radius to zinc.

The overall goal is to find a dopant with a certain synthetic scheme and maintain
the original nanostructure made for ZnO. This proves to be quite the challenge for
multiple reasons. First there is no guarantee that a specific pathway will work. Second, if
the dopant material is released from its coordination with the solvent, there is the
possibility that the dopant material will react faster, giving different morphologies of just
the dopant material. And finally, there is no promises that the doped ZnO will have its
original structure with the incorporation of the dopant.

To complete Aim 2, the research will follow (three) tasks.
Task 1: Doping ZnO.

Looking for shifts in optical bandgap.

Characterization: UV-Vis

Task 2: Explore morphology and crystallinity of the ZnO.
Characterization: SEM, TEM, XRD

Task 3: Investigate electrical and device plausibility.

Characterization: two probe I-V test system.
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c) Aim 3 — Developing Core-Shell structure of ZnO:CoO bimetallic oxide structures via
sol-gel synthesis.
Hypothesis — The stepwise sol-gel synthesis at low temperature will drive the self-
assembly to form core-shell architectures.
3.1.2.3 Sol-gel synthesis Method for Core/Shell System

With exploration of doping the ZnO system with an optimal solvent and checking
bandgap, crystallinity, and morphology, it would now be interesting to see if post
modification of ZnO can be achieved. Granted this has been done, however there has not
been a truly aqueous method to make ZnO into a core/shell system. For this reason,
exploration into post modification will be done with cobalt(ll)nitrate at different
concentrations and temperatures.
To complete Aim 3, the research will follow (three) tasks.
Task 1: Making Cobalt Shell on ZnO as the core
Characterization: (S)TEM, EDS, SAED
Task 2: Exploring the chemical state of the cobalt shell.
Characterization: XPS
Task 3: Investigate electrical and device plausibility.

Characterization: two probe I-V test system.
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3.2 Characterization
3.2.1 Bandgap
The method for measuring bandgap can be broken down into optical bandgap and
electrical bandgap measurements. For the optical bandgap, using UV-Visible
spectrophotometer will be the preferred method. Bandgap was calculated using Eq. 1

where h is Planck’s constant, ¢ is the speed of light, and 4 is the wavelength.

3.2.1.1 Sample Preparation

Sample preparation for optical bandgap measurements were subjugated to
standard testing beforehand to ensure consistency. ZnO solutions were diluted with IPA
to be clear solutions and sonicated before measurements were made. All measurements
were done in with a quartz cuvette and triplicate to ensure aggregation or light
degradation occurred after an initial measurement was performed.
3.2.2 Morphology and Crystallinity

Morphology analysis were performed using a transmission electron microscope
(Zeiss Libra 120 TEM) and a scanning electron microscope (Zeiss Auriga FIBFESEM).
Crystallinity was investigated using selected area electron diffraction (SAED) along with

an Oxford X-ray diffraction (XRD) using a copper source.
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3.2.2.1 Sample Preparation

Sample preparation for SEM was performed through dilution of solution drop
casted on a cleaved silicon wafer. Samples were washed with water multiple times and
dispersed in IPA for uniform dispersion across the surface of the silicon. This same
dispersion was used for TEM as well. XRD was performed using dry powder and
adhering the powder to a fiberglass dipped in oil.
3.2.3 Electrical Properties
3.2.3.1 Sample Preparation

Because are dispersing particles, a drop cast method in water and will be used
multiple times on the same substrate to get an appropriate thickness. This is so there will
be no possibility of a short circuit when the probes connect to the surface. A glass
substrate will be used so that there is no confusion in resistances of the substrate versus
the material. Afterwards, a drying oven will be used to evaporate the water so that the
conductivity measurements are just the ZnO system.
3.2.4 Chemical State Analysis

X-ray photoelectron spectroscopy (XPS) has been performed on the ZnO system.
By investigating zinc, oxygen, and other metal precursor species, identification of
oxidation state and mechanism can be achieved.
3.2.4.1 Sample Preparation

As with the electrical analysis, samples will be drop cast using water but on a

silicon substrate. The ZnO system will have sufficient thickness so that oxide peaks from
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the silicon do not appear. The silicon will be cleaved and wiped with IPA and sonicated

in DI water to remove silicon remnants from the surface before the solution is drop cast.
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CHAPTER IV

EXPERIMENTAL SECTION

4.1 Sol-gel Synthesis of ZnO Nanostructures

4.1.1 Materials

Sodium hydroxide (98% purity), and zinc chloride (97% purity), were obtained
from Aldrich Chemicals. Anhydrous dimethyl formamide, anhydrous dimethyl sulfoxide,
meta-xylene, acetonitrile, hydroquinone, and toluene were used as received without any
purification otherwise specified.
4.1.2 Characterization

Morphology analysis was done using a scanning electron microscope (Zeiss
Auriga FIB/FESEM) and a transmission electron microscope (Zeiss Libra 120 TEM).
Crystalline studies were performed using the TEM and an Agilent technologies Gemini
X-ray Diffractometer using a copper source. Elemental Analysis we conducted using
elemental dispersion spectroscopy (Bruker and Oxford EDS) and X-ray photoelectron
spectrometry (Escalab Xi+ Thermos Scientific XPS). Optical properties were explored
using a UV-Vis spectrometer (Varian Cary 6000i). Electrical properties were done using
a Keithley source meter controlled by Photo Emission TEC. INC (PET) I-V test system.
4.1.3 Synthesis Procedure

ZnO Nanostructures were synthesis by wet chemical synthesis via aqueous based

solvent system. ZnCl, was maintained at molar ratio to NaOH of 1:5 mmol. The metal
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precursor measured out to 0.21 g and was first dissolved in the organic solvent equating
to 30 mL and a solution of NaOH of 0.4g in 5 mL of DI water was added. The mixed
solution was at room temperature and stirred for 15 minutes before raising the
temperature to 80°C in a sand bath. After another 60 minutes of stirring the stir bar was
removed from the round bottom flask and maintained at 80°C for 24 hrs. Note that the
solution was at 80°C and not the hot plate. A white solid was formed with a typical yield
of 110 mg. The product was collected and washed through vortex, sonication, and
centrifuged three times before any measurements were made.
4.2 Synthesis of ZnO Nanostructures with Binary Metal lon Doping

4.2.1 Materials

Sodium hydroxide (98% purity), and zinc chloride (97% purity), zinc acetate,
copper(Il)acetate, iron(I1)chloride, cobalt(ll)chloride, magnesium(ll)chloride,
chromium(li)chloride, erbium(lItrifluoroacetate, and DMF
4.2.2 Characterization
Morphology analysis was done using a scanning electron microscope (Zeiss Auriga
FIB/FESEM). Optical bandgap was explored using a UV-Vis spectrometer (Varian Cary
6000i). Crystalline studies were done on an Agilent technologies Gemini X-ray
Diffractometer.
4.2.3 Synthesis Procedure

For the materials used with each other for the reaction, if the dopant metal was a

chloride then zinc chloride was used and likewise zinc acetate if it was a metal acetate.
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This was to prevent side reactions and keep the side products the same. Zinc chloride/
acetate and maintained at molar ratio to NaOH of 1:5 mmol. The metal precursor
measured out to 0.21 g for zinc chloride and 0.26 g for zinc acetate. In the same 100 mL
round-bottom flask, each dopant material was measured out to be in weight ratios of (0.1,
0.2, 0.3, 0.5, 1):1 mmol to the zinc chloride or zinc acetate. Finally, the sodium hydroxide
was measured out to 0.4 g and placed in the same round bottom as the metal precursors.
Then 5 mL of deionized water was added and stirred for 15 minutes to achieve
homogeneity. Once stirring completed, 30 mL of dimethylformamide was then added
dropwise into the solution while stirring at room temperature. After the addition of DMF,
the round-bottom was place in an oil bath and heated to 105°C for 24 hours with stirring.

Once the reaction is done, let the solution cool down to room temperature. Use a
centrifuge at 10 krpm for 10 minutes and decant the solution from the product. Disperse
the product in water by vortex and sonication. When the product is entirely removed from
the wall of the falcon tube via sonication, sonicate for 5 minutes. This wash step should
be done 3 times to ensure no salt is left in the system for future measurements. After the
wash process is done, the product is frozen in liquid nitrogen to freeze excess water and
placed in a freeze dryer for 24 hours.

4.3 Sol-gel Synthesis of ZnO Core-Shell Nanostructures

4.3.1 Materials

Sodium hydroxide (98% purity), and zinc chloride (97% purity), Cobalt(I1)Nitrate

(98%), and Deionized Water.
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4.3.2 Characterization

Morphology analysis was done using a scanning electron microscope (Zeiss
Auriga FIB/FESEM) and (Scanning) transmission electron microscope (JEM 2100 Plus
200kV ((S)TEM). Crystalline studies were performed using the TEM and an Agilent
technologies Gemini using a copper source. Elemental Analysis we conducted using
elemental dispersion spectroscopy (Oxford EDS) and X-ray photoelectron spectrometry
(Escalab Xi+ Thermos Scientific XPS).
4.3.3 Synthesis Procedures

All synthesis starts with clean glassware. Using the same round bottom flask for
the entire process, concentrated hydrochloric acid was used to remove any metal
contaminates followed by DI water sonication. Once dry, a base bath mixture of IPA and
potassium hydroxide was poured in the round bottom and sonicated to remove any
organics left on the glass. Once sonicated again with DI water and dried, a second wash
was done with concentrated hydrochloric acid with sonication to remove any metal salts
that were produced as a result of the base bath. Multiple sonication with DI water is used
to ensure the glass was chlorine free and the surface was layered with hydroxide groups.
Rigorous cleaning is necessary to ensure the glassware in its entirety has the same surface
chemistry to remove any variability in size and shell thickness of the ZnO NRs.

The synthesis of the ZnO NR were made by sol-gel synthesis. Zinc chloride was
measured at 0.21 grams and dispersed in 30 mL in dimethylformamide which was then

sonicated to break up the precursor. Sodium hydroxide was measured at 0.40 grams,
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dispersed in 5 mL of deionized water and sonicated to break down the pellets. Each
solution was then stirred for 10 minutes to guarantee homogeneity in each solution. The
zinc chloride solution was put on ice so that when adding the sodium hydroxide solution,
the heat from the initial reaction would not prematurely start the sol gel process. The
sodium hydroxide solution was then added dropwise into the zinc chloride solution while
stirring. As a note, flocculation will happen throughout this slow drip procedure. Have
the solution stir until flocculation is not visible before adding the next drop. Ideally, you
will be left with a translucent solution. Place the solution in a chilled sonication bath <
10°C (ideally 5°C) for 5 minutes to break up any aggregation that accidentally happened.
Afterwards stir for 15 minutes to let solution get to approximately room temperature, the
solution should turn white by then. Place the round bottom on a hot plate that stirs and
has a ceramic holder to ensure heat dispersion is uniform through your glass as well as
cover it in aluminum foil to prevent any unnecessary cooling from the vents in the hood.
Make sure to cap your round bottom. Once on, set the hot plate so that your solution is at
80°C and hold for 24 hours while stirring.

Once done, let the solution cool down to room temperature. Use a centrifuge at 10
krpm for 10 minutes and decant the solution from the product. Disperse the product in
water by vortex and sonication. When the product is entirely removed from the wall of
the falcon tube via sonication, sonicate for 5 minutes. This wash step should be done 3
times to ensure no salt is left in the system for future measurements. After the wash

process is done, the product is frozen in liquid nitrogen to freeze excess water and placed
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in a freeze dryer for 24 hours. It is then annealed for two hours at 300°C to set the crystal
structure.

The core/shell synthesis will involve the same setup. A batch of pre-made ZnO
nanorods of 0.05 g is first mixed in 15 mL of deionized water by sonication in the round
bottom and then stirred for 15 minutes. Separately, cobalt nitrate was mixed in 15 mL of
deionized water via sonication until the precursor completely dissolved into solution and
then 15 minutes of stirring. Cobalt Nitrate was measured to amounts that were weight to
weight of ZnO in ratios of 1:x, where X is an integer up to 10. After both mixtures reach
15 minutes of stirring, the cobalt nitrate was injected dropwise into the ZnO solution,
sonicated for 1 minute, and stirred for another 15 minutes. Once done, the round bottom
should be heated so the solution is at 80°C and is kept stirring for 24 hours.

When the 24 hours are done, the solution was taken and placed in falcon tubes for
centrifugation at 10 krpm for 10 minutes and the excess cobalt nitrate is then decanted.
This process is done 3 times to ensure there are no excess nitrate groups left in the
system. Once we have a clean product, we freeze the falcon tube with liquid nitrogen it is
place in a freeze dryer to remove excess water. Afterwards, the product is collected and
annealed in a ceramic boat at 300°C for 2 hours to remove any organics left in the system.

This is our final product.
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CHAPTER YV
RESULTS AND DISCUSSION
5.1 Band Gap Engineered Zinc Oxide Nanostructures via a Sol-Gel Synthesis of
Solvent Driven Shape-Controlled Crystal Growth
5.1.1 Introduction
Manipulating ZnO has been of constant interest due to its electronic properties.

Methods like chemical vapor deposition (CVD), pulse laser deposition (PLD), and
molecular beam epitaxy (MBE) have been used to modify ZnO for the electronics
industry in hopes of replacing GaN and other materials.' Efforts have also been made to
use aqueous synthesis methods whether it be traditional wet synthesis, microwave, or
sonochemical.*® Organic solvents have been explored but with limited literature that
modifies aqueous systems with the use of common solvents.>!° The ability to modify
ZnO with the use of common inexpensive solvents would prove to greatly advance ZnO
and its uses. Among these uses is its application for absorption with its wide bandgap of
3.37 eV for the photovoltaics industry. As mentioned in Chapter 111, a method has been
developed to address this concern. By using different solvents, they’re should be the
ability to achieve different morphologies by having the solvent interact with the crystal
facets that are first formed at the initial growth step.! This will lead to highly crystalline
structures that will lead to differences in bandgap. Crystallinity, morphology, chemical

composition and optical properties will be explored.
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5.1.2 Synthesis and Characterization of ZnO

The synthesis of zinc oxide has all been performed in a 100 mL round bottom
flask. The materials used were zinc chloride of 97% purity and sodium hydroxide pellets.
Combining the two materials in 30 mL of solvent and 5 ml of DI water it was stirred for
15 minutes. Afterwards it was heated to 80°C and continued stirring for another 60
minutes before the stir bar was removed and the round bottom was capped and left at heat
for 24 hrs. The precipitate was collected and washed in DI water three times by
centrifuging for 10 minutes at 10 krpm. The samples were then suspended in isopropyl
alcohol for further characterization. Chapter 111 illustrates a flow diagram of the
procedure.

Both its rock salt and wurtzite crystal structure yield a 3.37 eV optical bandgap or
369 nm absorption with minor variation in its bulk form. Due to the nano-scaling of the
material however, we should be able to see differences in bandgap due to the solvent
growth effect. In Figure 5.1, we see the optical bandgap varies significantly with the
solvent used during the growth process. Figure 5.1 the absorption spectra are ZnO
nanostructures that have not undergone heat treatment. It is possible to assume that even
after three DI water washes the solvents are still functionalized on the surface of ZnO

causing such drastic bandgap shifts.
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Figure 5.1. UV-Visible Spectra of ZnO Structures Synthesized with Different Solvents.

Figure 5.2 shows the absorption after annealing for two hours at 300°C and shows
a much more closely bound set of bandgap distributions from the synthesis. The choice of
annealing for two hours at 300°C was made since most organic solvents would evaporate
or burn off the surface especially after two-hour mark. The obvious outlier in the dataset
is DMSO. One reason for this possibility of it forming a super base with the sodium
hydroxide actually preventing the growth of rods. Another way of describing this reaction
is the super base never allows the nucleation process to continue to for nanostructures due
to the super basic conditions. Another possibility is that due to DMSO and its large
dipole, DMSO might coordinate too strongly with the Zn?* forming a Zn-DMSO

complex that the NaOH cannot break.
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Figure 5.2 UV-Visible Spectra of ZnO Structures Synthesized with Different Solvents.

As seen with Figure 5.1, there is a fair spread of bandgap differences to bulk ZnO.
The hydroquinone (HQ) is not a solvent but due to its aromaticity the presumption was it
will behave like toluene and m-xylene. To mimic solvent like conditions HQ was added
to DI water until it reached saturation which was 1.78 g in 30 mL of DI water. While this
did give the greatest shift in bandgap it was a blue shift which was undesirable for both
non-annealed and annealed samples. Comparing the non-annealed and annealed samples,
it is clear that solvent binds to the surface of the ZnO causing such a bandgap difference.

The next solvent to discuss are DMF. This is an aprotic solvent with a strong
dipole on top with a primary amine group that can coordinate metals. Amine groups in

general (primary, secondary, tertiary) all can have profound effects on a nanoparticle
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system and have led to very stunning morphologies and other qualities for applications.
In literature, it is seen that HMTA, EDA, etc are used to create wonderful nanorods in
solution and in films. The issue is these secondary amines are volatile and pose an overall
health hazard for the user and the environment with the added benefit of being expensive.
It was for these reasons DMF was chosen as a solvent.

Grouping toluene and m-xylene since they are similar in dipole and structure. If
the reader asks “why not benzene?” then they have not read the SDS for benzene.
Toluene and m-xylene are better since the human body has a chance to methylate the
aromatic rings making them easier to handle and less toxic. Starting with toluene, the
absorbance is 365 nm and m-xylene is at 374 nm. With a simple modification to the
solvent a large difference occurs. It would be more accurate to look at the annealed
samples to see if functionality is affecting this shift. With Figure 5.2, it is seen that there
is only a 1 nm difference between toluene and m-xylene which would make much more
sense in that they are both very similar in terms of structure so the ZnO would also turn
out to be very similar. Note that the m-Xylene ZnO did not change its bandgap.

Acetonitrile is the last of the solvents and like m-xylene, the annealing process did
not change its bandgap. This means that there was likely no solvent adhered to the
surface of the nanostructures and the acetonitrile formed highly crystalline structures.
Looking at bandgap though solvent alone is only part of the story. To gain further
information the morphology of each system needs to be analyzed.

Each solvent system went under a SEM and TEM to undergo morphology studies.

Figure 5.3 shows each nanostructure. As it can be seen, the preferred shape are hexagonal
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nanorods in masse. While Figures 5.3a, b, ¢, and e are hexagonal rods they do show a
variety of differences with the most obvious being Figure 5.3c which used acetonitrile as
the solvent. Relatively large nanorods are formed with noticeable defects that spread into
smaller rods. Looking at acetonitrile and how it would interact with ZnO sols, it becomes
apparent that the structure is small and coordinated binding sites would not be selective
for hinderance in a crystal facet for oriented attachment giving preferred growth. This
results in large dimensioned rods with no inhibited growth in the a or ¢ axis. The other

three solvents that showed hexagonal rod formation were DMF, toluene, and m-Xylene.

Figure 5.3. SEM Images of Synthesized Zinc Oxide. a.) m-Xylene; b.) DMF; c.)
Acetonitrile; d.) Hydroquinone; e.) Toluene; f.) DMSO. Scale Bar 500 nm.
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The dimethyl formamide in Figure 5.3b shows an uneven distribution of nanorods
that is undesirable but as seen later with other data including the optical bandgap
measurements from UV-Visible, will prove to be the best solvent to use in the system.
The bifurcation shown is believed to be a homogeneity issue with stir time and mixing,
specifically slow dripping the DMF and stirring until homogeneous. For m-Xylene, we
see again hexagonal nanorods formed but with a range of dimensions which is certainly
worse than DMF. This inhomogeneity is most likely due to the fact that m-Xylene is not
miscible with water and when doing the slow drip with the solvent, the interaction is brief
and not continuous resulting in such a distribution. Toluene proved to give the best
morphology in terms of uniformity and great aspect ratios. With m-Xylene and toluene
the UV-Visible spectra showed a well-defined peak like DMF. Like m-Xylene, toluene is
not miscible with water but formed nice structures. The reason is toluene is only a little
more soluble in water leading to longer interaction times with the slow drip resulting in
the sols being affected by the toluene adhering to certain facets. The toluene and m-
Xylene bind to the [001] and [101] crystal faces allowing the zinc oxide sols to grow into
rods. As for DMF, it is likely that with such a strong pH in the system, DMF breaks down
into formate and diethylamine. It is known that amine groups strongly coordinate with
zinc ions and sols to form nanorods. One of the biggest reasons the use of toluene and m-
Xylene was not further pursued was the product had to be washed vigorously and a lot
more times than the other solvents making it disadvantageous to continue further studies.

The two that did not exhibit this feature are DMSO and HQ. As discussed earlier,

DMSO acts either as a super base or as a strong detergent to zinc inhibiting growth. This
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would match what the UV-Visible shows as there is no peak for ZnO. This is apparent
with the textured surface of the nanoslates as those are all the nucleation crystals
aggregated together. Figure 5.3f shows a haze on the surface unlike the others which is
indicative to having surfactant on the surface of your material. This would further show
DMSO very strongly coordinates and binds to ZnO sols on most of the crystal facets not
allowing for a preferred growth path. The HQ with its spherical formation binds to the ¢
axis orientation and only lets the [100] and [010] facets grow. Why these two solvents did
not form nanorods could be explained if the surface energy of the zinc oxide is
considered. To further look into the morphology and crystallinity, TEM analysis would
be necessary.

Figure 5.4 shows TEM images and selected area electron diffraction (SAED) to
resolve crystallinity of a single nanostructure. As one would expect, the c-axis is
prominent with the nanorods laid on their sides. Accurate measurements of c-axis
separation could not be performed due to the rods not meeting the dual beam or two-spot
requirement for the measurements. The two-spot condition is a technique that utilizes a
double tilt stage holder that allows the user to perfectly orient the nanostructure to a
specific axis allowing for precise measurements and indexing. Due to the limitations of

the tool, this was not achievable.
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Figure 5.4 TEM and SAED Images of ZnO Synthesized in Different Solvents. a.) DMF;
b.) HQ; c.) DMSO; d.) m-Xylene; e.) Toluene; f.) Acetonitrile. TEM Scale Bar 50 nm.
SAED Scale Bar 5 nm-1.
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As for the hydroquinone and DMSO, they show no preferential c-axis
orientations. For HQ this should be expected as spherical particles should be arranged in
random orientations as they lay on a surface. This allows for the SAED to show the a and
b miller indices. While the SAED in Figure 5.4b may show an increased intensity in
certain regions, this would not indicate a preferred growth path but simply random
orientation for that specific particle. In terms of the actual image, there are nanoparticle
clusters that form into these larger systems. Heavy sonication was done to see if this was
a result of aggregation and the result was that these were solid features that did not break
off into its individual segments. This could be a result of the HQ itself having bound to
the ZnO sols, created aggregation and fused the nanoparticles together into these clusters.
The DMSO shows a diffraction unlike the others in Figure 5.4c. This is due to how the
particle is oriented on the surface and is simply not in a dual beam or two spot condition.
This was true for all particles of this sample but clearly means that there was no preferred
growth direction from the synthesis. The morphology does indicate that, like HQ, it is
made of smaller individual constituents which once again indicated that there was no
preferred oriented growth. As stated prior, this would also further prove that the DMSO
forming a superbase, never allowing the ZnO to form into larger structures. While
morphology is a strong indicator of crystallinity, all of this can be more clearly depicted
through X-ray diffraction.

As seen in Figure 5.5, there are definite differences in the diffraction patterns
based on solvent. This shows that the solvents affected the crystal growth and had a

preferred orientation. The first three peaks are the [100], [002], and [101], respectively.
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Figure 5.5 XRD Stack of ZnO Crystals Synthesized in Different Solvents.
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The two peaks that are consistent with all of them are the [100] and [101] peaks.
The first thing that is noticeable are the different intensities of the three main peaks. More
specifically, even though the growth of four of the six nanostructures had a preferred
growth of the [002] c-axis, that is the least intense peak. This is actually to be expected
since XRD is essentially averaging all the particles within the scan area. Observing SEM
images specifically, if the ZnO rods are in clusters then the [100] and [101] crystal
orientation would be more exposed since the sides have more surface area than the top
and bottom of the hexagonal rod. By looking at the [002] peak we see variance in
intensity and even in the 20 spacing from the [101] peak. Through annealing, we see the
crystals relax and see the three that changed the most were HQ, toluene, and DMSO. One
thing to note is annealing does remove residual organics that are adhered to the surface
giving a clear diffraction. This held especially true for the toluene sample as seen
between the 10 — 14 26 angle where that region is the detection of carbon, or rather
contaminant. This could also be the reason why, especially for toluene, the [002] peak
was not well resolved due to organics. Moving back to DMSO, once again it is the outlier
in the set. The [100] is noticeable and the [101] positions but not the [002]. On top of that
the (101) has a larger FWHM than the rest which indicates that the crystal grains are
incredibly small indicating that there was no growth to the nanostructure regime. This is
further proof tied with the TEM images that the ZnO sols never formed in an oriented
growth fashion After annealing, the [101] peak intensity actually gets worse and a loss of
the [100] peak is observed. This could be due to the phenomena of as a material gets

smaller the melting point decreases as well. This is well known with gold being a prime
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example. Essentially, then annealing treatment actually made the ZnO system more
amorphous. With this and all other characterization thus far, it can be said with
confidence that DMSO is not a compatible solvent for our system.

Comparing the XRD between the other solvents, it is seen that there are
discrepancies. The only solvent that did not undergo any peak shift is the DMF after the
heat treatment. For HQ and Toluene, we see an increase to intensity in the [002] peak as
well as that same peak converging into the [101] peak. This would normally mean that
the grain size would be decreasing if the FWHM was increased but that is not the case in
this situation. The [002] peak after annealing simply shifts a greater amount to a larger 26
than the [101] peak. This would normally mean that the c-axis is more exposed to the X-
ray causing stronger diffraction but once again, it is suspected that organic residue from
the HQ and the Toluene masked the [002] peak in terms of intensity. Organics would not
result in giving a false peak shift since it would not be part of the crystal lattice. The only
other solvent that had a unique change was m-Xylene where the 26 position contracted
rather than expanded like the rest of them. For the DMF and acetonitrile system it can be
seen that in both 5.5a and 5.5b the [002] and [101] peaks are somewhat fused together.
This is a consequence of using the Molybdenum source which does not have the same
resolution as a Copper source. Furthermore, there was no correlation between peak shifts
and bandgap shifts after annealing which verifies that the solvent was acting like a
surfactant causing wide bandgap shifts. All XRD were taken with the same parameters so

no variation due to instrumentation should have occurred.
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XPS was performed on the ZnO sol before heat was applied as well as ZnO with
m-Xylene and DMSO. The ZnO sol was washed the same way as the precipitate was
done to remove the solvent and the salts that may have been formed. This worked since
the survey shows now sodium, chlorine, and sulfur indicating that at least the salts have
been removed as shown in Figure 5.6. sodium, chlorine, and sulfur indicating that at least

the salts have been removed as shown in Figure 5.6.
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Figure 5.6. XPS Survey of Zinc Oxide System of ZnO Sols, ZnO Synthesized with HQ
and m-Xylene.

In the single element scans we see that the raw spectra are shifted from each
other. While this is very important for XPS it is imperative to understand that we need a
reference source. It is typical to use adventitious carbon as a reference source.

Adventitious carbon is essentially unavoidable carbon contamination from the samples
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being exposed to atmosphere which results in a 1-2 nm film on the sample. In literature
the C-C bond is used at 284.8 eV. Therefore, any sample that does not have a C-C
binding energy of 284.8 eV needs to be given a charge shift as a correction that will also
affect the other single element peaks in that spectra. In this case it is possible that the
carbon bonds are also due to solvent being adhered to the surface of the particles.

Starting with the ZnO sol system in Figure 5.7, the C-C bond is measured at 283.8
eV so it is necessary to shift the oxygen and zinc peaks by 1 eV from their reading. This
gives the oxygen 1s peak at 530.1 eV with the shoulder peak at 531.1 matching nicely
with a metal oxide peak and metal carbonate species, respectively. the zinc 2pz. peak
being at 1021.3 eV and this is actually 0.7 eV lower than expected if this were ZnO, but
recall that these are the sols before growth. Therefore this is an indication that this peak is
actually a mix of ZnO/Zn(OH).. With the hydrogen attached and it being far less

electronegative, it makes sense that the zinc peak would have a lower binding energy that

normal ZnO.
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Figure 5.7. XPS Individual Scans. a.) Zinc; b.) Oxygen; c.) Carbon.
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Moving to m-Xylene, there is only a shift of 0.4 eV from the C-C peak. This
would place the oxygen peak at 531.5 eV and the zinc at 1023.1 eV. The oxygen peak is
in the regime of metal carbonates which is something we would definitely expect with
ZnO being synthesized with organic solvents. Due to the rapid growth of sol-gel
synthesis, carbon could embed inside the ZnO crystal causing defects and/or metal
carbonates to form. This is also where C=0 bonds would appear however, which would
appear in the presence of adventitious carbon and is seen in the carbon scan.

Finally, the HQ was the only one that had no charging effects and the single
element scans can be taken at face value. The higher intensity count for the carbon scans
would suggest that HQ is on the ZnO surface more so than the m-xylene as a surfactant.
This would make sense and explain why the ZnO formed particles instead of rods.

Electrical conductivity measurements were performed on the zinc oxide system as
well as the sols and for comparison a thin films system made of ZnO rods. The thin film
zinc oxide nanorods were made by spin coating ZnO sol onto a film several times to build
up a sufficient thickness before growth. The film was then place in a DI water bath with
zinc nitrate and ethylene diamine for 1.5 hours at 80°C. Afterwards, gentle sonication was
applied to remove excess ZnO particles not attached to the surface so that conductivity
measurements could be performed only for the film. As shown in Figure 5.8, a two-probe
measurement was done with 100 nm of copper deposited as the contacts. Figure 5.8b
shows that the ZnO NR film performed the best in comparison to the sols by an order of
magnitude. This makes sense seeing how there are no breaks or short circuits present

allowing current to flow uninterrupted.
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Figure 5.8. Diagram of Measurement Procedure with Conductivity Measurements and
Trends.
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The DMF, HQ, and sol solution did not perform as well as expected since the
DMF and HQ was done via spin coating. As for the sols, the hydroxyl groups associated
with the zinc plays a major factor in loss of conductivity. In fact, from sol to NR thin film
an order of magnitude difference is observed showing not only uniformity is a major
factor but also nanorods systems seem to perform better than other nanostructures. It is
for this reason this dissertation proceeds to use DMF-based nanorods for the rest of the
chapter. While the m-xylene and toluene would have also been acceptable, the confidence
of removing nonpolar solvents proved challenging.

5.2 ZnO Doping

5.2.1 Introduction

Doping can play a huge role in changing desired properties with optoelectronics
in mind. Whether through intrinsic or interstitial placement of a dopant atom, added
strain on the crystal induces a change in orbitals overlapping that causes a shift in
bandgap, fermi level, conduction and so on. This manipulation of material can prove
advantageous to our system and to extend the concept, the choice for the synthesis is to
see if doping can have a greater affect if a different solvent system is applied. As seen
earlier in the chapter, solvents can drastically affect the morphology of the system by
binding to crystal facets. An extension to this result is by using different solvents to
coordinate the dopant along with the zinc, incorporation of dopant material should be
increased to further optoelectronic properties. The other thing that would change is based
on dopant level and solvent, new morphologies could occur in the presence of other

metals. This would be due to the interaction of the solvent guiding certain crystal facets
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of the sol to give a preferred direction of growth. This would be different from
exclusively having zinc oxide since there is more coordination bonds with different
geometries due to the unfilled d orbitals in the other first row transition metals.
5.2.2 Synthesis and Characterization of Doped ZnO

The typical procedure that was followed was closely followed the synthesis
procedure in Aim1. The only difference is the dopant metal was introduced at the same
step that zinc chloride and sodium hydroxide were mixed. Ratios would vary volume to
volume of Zn:M with 1-10% of the dopant metal to the zinc. All syntheses were done at
24 hours and ranged from 80°C to 140°C. Anhydrous zinc chloride was used as the zinc
source when the dopant precursor was also a chloride. Zinc acetate was only used for
erbium trifluoroacetate and copper acetate. Prior results show that the zinc oxide
synthesis using zinc acetate showed no difference in nanorod formation. The only
difference when using the acetates is that extra washes are necessary to remove
byproduct from the reaction.

The ability to dope is dependent on synthetic scheme. Both metal precursors must
be mixed well together before introducing DMF as the main solvent. This is because
metal ions must be homogeneous throughout before the sol process to take place from the
NaOH. Once a proper mix has happened adding the nucleophile should induce dopant
material as the sols form. Remember, the solvent binds to the crystal facets in the sol
phase in order to determine the morphology of the system so thorough mixing is
essential. Mixing metal precursors separately and then introducing the sodium hydroxide

would result in two different morphologies for the final product. Dispersing the zinc
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chloride and the dopant in the DMF before water and sodium hydroxide is introduced
would also cause problems. The metal atoms would coordinate with the DMF before the
sol is formed causing no growth to form or at minimum inhibit growth.

As previously mentioned, one of the main reasons to dope a material is to change
its optical and electrical properties to be applied to a certain system. Looking at a UV-
Visible spectrum, determining optical bandgap is possible. In Figure 5.9 we use the ZnO
synthesis of DMF as a reference where the peak is at 362 nm. The results are desirable.
All dopants caused zinc oxide to red shift where in the application of photovoltaics this is
needed. Strangely enough, all of the dopant peaks are only within two nanometers of each
other. However, when XRD is examined the crystal structure of zinc oxide has not been

significantly modified.
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Figure 5.9. UV-Vis Comparison of Peak Positions between Dopants.
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Unlike the core shell system, X-ray diffraction can be done to verify changes in

the crystal structure as an initial insight. What is expected is to see are shifts in the main

three peaks optimistic however seeing a couple tenths would show that doping has

occurred. In Figure 5.10 the step size used for the XRD was roughly 0.015 theta so any

peak that deviates from the original peak would be considered successful doping. Extra

peaks are an indication that dopant structures have been formed showing a bifurcation in

the synthesis and as this dissertation will show, different morphologies. Of the dopant

materials, extra peaks are seen in the copper, chromium, and iron diffraction while

magnesium, cobalt, and erbium maintain a wurtzite structure without any additional

peaks.
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Figure 5.10. XRD of ZnO and ZnO dopants.
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All dopants produced a shift but copper, cobalt, and erbium are the dopants that

produced the largest shift in ZnO three main peaks with erbium having the biggest effect
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then copper and then cobalt. Erbium produced a 26 shift of 0.25, copper with 0.13, and
0.09 for cobalt. This makes sense just due to the ionic radius of each material and that
when incorporated into the wurtzite lattice would cause a larger shift based on size.

Out of all the dopants, iron was by far the worst. This is probably due to how iron
like to form a non-hexagonal structure. Also, it was the smallest ionic radius out of all the
dopants showing that choice of material is not solely based on valency. Chromium and
erbium both with a 3+ valency saw moderate success. Even though erbium is a heavy
element, its ionic radius is closer to zinc which is a reason that it was able to pair better.

The ability to dope is dependent on synthetic scheme. Both metal precursors must
be mixed well together before introducing DMF as the main solvent. This is because
metal ions must be homogeneous throughout before the sol process to take place from the
NaOH. Once a proper mix has happened adding the nucleophile should induce dopant
material as the sol forms. Remember, the solvent binds to the crystal facets in the sol
phase in order to determine the morphology of the system so mixing is essential. If not
done, different morphologies will emerge and also different crystalline structures as seen
in the XRD.

SEM analysis showed that there were different morphologies within the same
synthesis batch which was initially indicated by XRD. Figure 5.11 shows different
morphologies of just one synthesis using copper as the dopant material. This particular
synthesis had a 1:10 ratio of copper to zinc atoms which is a large amount of dopant.
However, this did lead to morphologies that have not been reported. Specifically, in

Figure 5.11e, there are chain-like structures make from connected nanorods giving a
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hierarchal structure. In 5.11f is a less magnified micrograph of 5.11e to show that these
structures actually link with each other giving it two orders of hierarchy. While goal of
this research is to dope and maintain nanorod formation, this is an exciting find. The
possibility of creating hierarchal structures based on precursor rather than more complex,
exotic methods. It should be mentioned that the dominant morphology was Figure 5.11a
with the other images be scarce on the prepared sample.

In Figure 5.12 we see how introduction of dopants affect the morphology of a
known synthesis. For this synthesis system, zinc oxide should form into nanorods. What
is seen are different morphologies not just between the dopants but within the same
image. Chromium as the dopant was the only one that had one homogeneous structure.
Upon closer inspection for erbium and iron, the nanorods are littered with nanoparticles
with iron also having plate structures in the background. This is an indication of four
possibilities with the first being that when the initial mixing was done, the zinc chloride
only formed into zinc sols and the dopant formed its own without being included into the
zinc sol. The second is the zinc sol did form without the dopant material and in another
localized area zinc sol formed with the dopant metal leading to nanostructures other than
nanorods. The third being the zinc oxide was doped when we see the nanorods and at
local areas where dopant was a little more predominant, zinc oxide was heavily doped to
form other morphologies. Finally, the zinc oxide was doped but based on kinetics, the

dopant metal formed sols before being included into the ZnO giving different structures.
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Figure 5.11. SEM Images of ZnO with Copper as the Dopant Material. Micrographs a-e

Have a Scale Bar at 500 nm. Micrograph f has a Scale Bar of 1um.
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Figure 5.12. SEM of ZnO with Different Metal Dopants. a.) Chromium; b.) Magnesium;
c.) Erbium; d.) Iron; e.) Cobalt. Scale bar 500 nm.

Comparing with XRD, the third and fourth options are the most likely since for
some of the patterns are very clean with the wurtzite structure with a shift in the two-theta

spacing while other patterns did include extra peaks. The UV-Vis also shows that the zinc
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oxide has been doped but looking at the onset of the peak as well as the drop off, it is
seen that there are other absorptions happening around the peak.

5.3 Zn0O:Co0 Core-Shell Nanostructures
5.3.1 Introduction

One common use for ZnO is how it can be manipulated to change its optical
bandgap. These methods are conventionally done by either doping or core/shell methods
with each having their advantages. Doping is usually the preferred process when tuning
bandgaps due to its effectiveness and ease. Core-Shell systems have the advantage of
being incredibly tunable and with certain systems can span the entire visible range which
is useful for photovoltaic applications. The main problem with this method is that it
typically requires expensive chemicals and typically high heat. It can also be quite a
challenge controlling these nanoparticles in terms of size and shape.

Cation exchange is a very unique method in that it typically works on the
principal of kinetics and thermodynamics. The kinetics are in line with the crystal growth
with the presence of coordinating ligands whereas in thermodynamics often deals with
the phase and chemical composition of the material. This process essentially saturates a
solvent system to the point which the shell precursor is enthalpically more favorable to
the surface of the ZnO. This would force a metal precursor to replace zinc ions on the
surface and penetrate within a certain depth into the material. Therefore, there is no need
for exotic chemicals, high temperatures, or unwanted secondary morphologies in the
system. This process has multiple advantages with the first being there is no need for

bases or acids to catalyze the reaction. The second is the ease of the synthesis itself being
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strait forward and finally the system is completely in water (green). While one of the best
examples of cation exchange is the PbSe/CdSe nanocrystal system, there has not been a
lot of work with ZnO and other first row transition metals. Here, we describe a facile way
to make core/shell systems with the cation exchange process. ZnO nanorods (NR) were
made via sol-gel as the core and cobalt nitrate as the precursor in varying concentrations
to make a cobalt oxide (CoO) shell.
5.3.2 Synthesis and Characterization of Core-Shell ZnO

As stated previously, the ZnO was synthesized as discussed in Chapter I11.
Cobalt (I1) Nitrate hexahydrate was used as the precursor material and was used in
different concentrations. The choice of this precursor vs CoCl; or any other is the other
ligands did not degrade under 100°C. Note that Co(NO3). hexahydrate degrades at 74°C
but the anhydrous form is at 100°C. That makes it perfect for an aqueous core-shell
system. An important note is that the degradation of the cobalt nitrate is very important.
There were film structures at the surface of the ZnO but this was residual Co(NOs3) that
had not reacted. This was apparent since the precipitate had a pink tint from the mix of
white zinc oxide and red cobalt nitrate. At first the synthesis was done at 80°C for 24
hours and we saw no changes on the surface of the zinc oxide even though we did detect
cobalt with XPS. It was not until the system went longer than 24 hours or was set at a
higher temperature that it accelerated the process. This resulted in a brownish solution.
Anytime there is a color change is always a good indication that a reaction happened. The

formation of cobalt oxide particle had formed on the surface of zinc oxide nanorods. This
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was repeated three times and yielded the same result. Characterization was done to first
identify what oxidation state the cobalt had formed.

Optical bandgap studies were performed to check for applicability towards
photovoltaics. Results showed in Figure 5.13 that 5:1 w/w cobalt(ll)nitrate to ZnO NRs
and 10:1 w/w cobalt(I)nitrate to ZnO NRs there is a blue shift in the optical bandgap.
More noticeably by annealing the system at 300°C for two hours the optical bandgap
shifted again even more so than with the solvent study alone. Even though the
concentration of the cobalt(I1)nitrate doubled in the system, the peaks did not change
showing there could be a saturation point in the system. However, this shows that using a

modified sol-gel method for a core-shell system is viable and worth further investigation.

Zn0:Co0
——Zn0:Co0_Non_1
——Zn0:Co0_Non_2
—7n0:Co0_Ann_1
——Zn0:Co0_Ann_2
—7Zn0
3 31 3.2 33 34 3.5

Optical Bandgap (eV)

Figure 5.13. UV-Visible Spectra of ZnO:CoO System at Different Concentrations.
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Crystallinity studies were done using X-ray diffraction using a copper source and
would prove to be useful for determining crystal structure. There are three forms of
cobalt to be expected from the system with them being CoO, C0,03, and Co304. Cobalt
(11) oxide is a hexagonal phase while and cobalt (I11) oxide is face-centered cubic
structures that are easily identifiable from each other. Something to keep in mind is the
amount of cobalt oxide with respect to the zinc oxide in a powder sample. XRD as a
technique could determine the crystallinity of cobalt oxide it would need to be an
appropriate amount within the system. This technique can detect approximately 1-3%
depending on the quality of the system. Figure 5.14 shows there is no difference between
regular zinc oxide and zinc oxide with cobalt introduced. The zinc oxide that is being
compared is the same synthesis batch that was used to create the core/shell system seen to
the right. This result is to be expected since the shell material will be on the order of < 2
nm where the core is between 50 — 200 nm in length. It is worth noting that the peak
intensities after the first three main peaks are abnormally large. This was a malfunction in
the XRD where a setting was changed so that the higher two theta angles were scanned
twice as long, which gave similar intensities to the main peaks. Of course, there could be
no incorporation of cobalt in the system so another technique is needed to confirm the
presence of cobalt. Hence, XPS was used to confirm the presence of cobalt and to find its

chemical state.
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Figure 5.14. XRD of ZnO and ZnOCo Showing No Peak Shift or Extra Peaks.

XPS showed anywhere from 1-6% of cobalt depending on concentration and that
is within a 10 nm penetration depth and not the entirety of ZnO rod. Therefore, the cobalt
in the system is far less than 1% and would not show in XRD. Figure 5.15 gives the
Zn0:CoO survey with well-defined peaks for zinc and cobalt with zinc having no change

from literature.
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Figure 5.15. XPS Survey of ZnO:CoO Nanorod.
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The Zinc values in Figure 5.16¢ show peaks at 1022 eV and 1045eV with the
oxygen having 529.5 eV metal oxide peak with a 531.3 eV metal carbonate peak. This is
to be expected since 12% carbon was present in the system. The cobalt percentage was
approximately 6% with Figure 5.16a with cobalt showing that two different oxidation
states do not change the main peak positions. The way to confirm if cobalt is Co?* or
Co%* is to look at the satellite peaks. Figure 5.16a shows the difference where the blue
signal has the satellite peaks further away from the main 2p peaks at 792 eV and 804 eV.
In the black signal there is a noticeable change in satellite position with a 2 eV shift
respectively to each peak. These spectra were obtained on the same sample and argon
etching was done to get the two different spectra. Special consideration must be taken
otherwise the system could change and could cause bad data. If samples are left in
ambient conditions, CoO will form Co30s. If this happens, using an argon etch is
sufficient to remove the CozO4. However, under an argon beam and in the presence of
carbon, cobalt can change its chemical state into a cobalt carbide and reduce the cobalt
oxide signal. Another thing to point out is that the 3ps peak has slightly broadened, this
is due to a mixed state of Co?* and Co%*and is generally unavoidable. In our system there

will always be carbon.
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Figure 5.16. XPS Single Element Scans of Cobalt, Oxygen, and Zinc with Deconvoluted
Peaks.
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Figure 5.17b illustrates how an argon beam can damage and convert the CoO
system into cobalt carbide by referencing peaks at 778 eV and 793 eV. Therefore, using
low energy, large area etches are recommended to eliminate these situations. Carbon was
used as a reference point to adjust for charge drift in the scans and the C-C 284.8 eV peak
was used. It is worth noting that there was no nitrogen present in the system indicating
the cobalt peaks are not associated with the cobalt nitrate from the starting material. The
Cobalt peaks are shifted to a higher binding energy due to the zinc having a higher

electronegativity causing this to happen.
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Figure 5.17. XPS Showing Possible Etching Outcomes for Cobalt Oxide. a.) C0304 to
Co0 and; b.) Cobalt Reducing to Cobalt Carbide.
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The morphology of the system after the reaction occurred did not change the zinc
oxide. Depending on the ratios we see films formed quite heavily on the ZnO NRs. At
first the synthesis was done at 80°C for 24 hours and we saw no changes on the surface of
the zinc oxide even though we did detect cobalt with XPS. It was not until the system
went longer than 24 hours or the temperature was raised higher that we saw results and
accelerated the process. When this occurred, particle formation happened on the surface
of the ZnO. A hypothesis can be formed that certain sites on the ZnO rods are more likely
to bind than other possibly due to the ZnO have too many oxide layers in localized
regions. This would be why particle formation occurs rather than a shell layer. With that,
it would be best to stop the sol-gel synthesis before the 24 hours to wear oxide formation
on the surface does not occur. This can be seen in Figure 5.18a where films are being
formed on the surface orthogonal to the c-axis of the nanorods. This shows that the cobalt
oxide formation does have a preferred binding orientation to the ZnO NR’s and that it is
incorporating to the ZnO surface. This morphology was made with the 80°C while in
Figure 5.18b still shows these films but also with nanoparticles on the surface and was
made at 90°C. As stated, the cobalt nitrate degrades at 90°C allowing particle formation to
happen instead of films. In the XPS results, there is no nitrogen present so these films are

not residual cobalt nitrate where TEM shows the same result.
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Figure 5.18. SEM of Zn0O:CoO Nanorods. a.) CoO films forming orthogonal to the rods
c-axis; b.) CoO particles forming on the surface.
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The TEM image shown in Figure 5.19 shows a typical ZnO nanorod that is
formed from the synthesis. Lattice lines are clearly visible with a lattice spacing of 0.27
nm and matches literature. It is clear that the nanorods are not perfect as there is oxide

formation on the surface. This is unavoidable to an extent since the synthesis is not under

inert atmosphere and DI water is present in the synthesis.
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Figure 5.19. TEM Image of Zinc Oxide Nanorod with Lattice Line Resolution.

Figure 5.20a shows a ZnO:CoO NR that is covered in a film but also has
nanoparticles on the surface. In Figure 5.20b the micrograph shows the formation of the
particles on the surface with lattice line resolution that shows a spacing of .425 nm,

which matches literature for the lattice spacing for CoO.
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Figure 5.20. TEM Images of Zn0:Co0. a.) Zn0:CoO System Lattice of Zinc Oxide; b.)
Zn0:CoO0 System Lattice of the Cobalt Oxide Particle on the Surface.
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To further confirm that the particles are cobalt(I1)oxide, STEM/EDS was
performed. Figure 5.21a shows a STEM image of the ZnO:CoO system with Figure
5.21b,c giving the mapping of zinc and oxygen that is consistent with Figure 5.21a. In
Figure 5.21d, localized concentrations of cobalt are seen on and at the edge of the surface
of the ZnO nanorod confirming that the particles have the spectra from XPS, lattice
spacing, and elemental analysis showing that they are cobalt(I1)oxide particles on the
surface of the zinc oxide nanorod. The atomic percentages show zinc at 50.4%, oxygen at
48.5%, and cobalt at 1.1%. This is in good agreement with the other results since the

cobalt crystal could not be detected with XRD due to resolution limits.

96



Zn Kal O Kal

v 250nm |

Figure 5.21. STEM/EDS of ZnO:CoO Nanorods.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The overall goal for this research described in this dissertation was to take a
known material and manipulate the morphology using novel multiple pathways.

There has been a lack of literature involving organic solvents as a means to Aim 1
of this work was to explore the use of organic solvents and how they impact zinc oxides
synthesis. It was seen that different bandgaps can be achieved by varying the solvent in
the same synthetic setup. The phenomena can be attributed to how the organic solvents
interacted with the zinc oxide sols to form diverse nanostructures due to oriented
attachment of the crystal facets during growth. Further morphology characterization with
TEM nanorods and that the crystallinity are in good agreement with what was expected.
Hydroquinone and DMSO and their respective structures were a collection on sols and or
particles that did not have a preferred oriented growth due to those solvents which was
further shown by SAED. XRD finalized that the nanostructures were wurtzite hexagonal
crystallinity with the exception of DMSO which is believed to be from DMSO with
NaOH to form a superbase that does not allow growth to occur. XPS analysis were

performed on the sols before solvent was added to the system, m-Xylene, and
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hydroquinone. Results showed that there were differences in binding energy for m-
Xylene and hydroquinone showing that solvent does affect the crystal packing which was
further indicated by XRD. The sols had a most definite difference to the nanostructures
showing zinc hydroxide groups and metal hydroxides in the oxygen scans with carbon
used as a metric for charge drift.

I-V measurements were performed on 4 systems which were ZnO sols, ZnO
hydroquinone, ZnO DMF, and ZnO thin film. It was to be expected that the ZnO sols
would perform the worst due to hydroxide groups being insulators and that the thin film
would provide the greatest conductivity due to uniformity and lack of defects and/or
holes. The DMF ZnO rods performed better than the HQ which is a little surprising
seeing how the packing of the HQ would have been far better than the DMF rods.
However, the fact that the DMF system were nanorods shows that the preferred growth
path makes a difference in conductivity. Therefore, for future ventures it would be
advisable to use zinc nanorods mixed with a polymer matrix if photovoltaics is pursued.

Aim 2 further developed the novel solvent-based synthetic pathway and
incorporated dopant materials into the system. Optical bandgap was checked to see if the
dopants had any effect. All dopants in the system exhibited a slight red shift all within 2
nm of each other who’s dopant levels ranged from 0.5% - 5%. One thing to note is that
certain dopants did broaden the ZnO peak significantly which would allow better
absorption of light for a photovoltaic while other maintained its sharp assent like the

unmodified ZnO.
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X-ray diffraction was done to check if dopants had been incorporated into the
lattice by observing a shift in any of the three main peaks of the wurtzite structure. Shifts
did occur in all dopants but the three largest shifts were copper, cobalt, and erbium
respectively. Chromium and iron gave minimal shift and their pattern register other peaks
along with the wurtzite structure which is a heavy indicator for side reaction material to
be formed.

SEM was done to see if the synthesis enabled the morphology to maintain as
hexagonal rods of similar dimensions. Only copper and erbium maintained singular
morphology in the system being nanorods. All other dopants either did not form nanorods
or had mixed morphologies. This is probably due to how fast the hydrolysis step is
consumed. More specifically, the zinc sol and residual dopant ions compete for the
sodium hydroxide which causes the morphology to be non-homogeneous. If this were to
be done again, metal precursors would be mixed thoroughly before the inclusion of
sodium hydroxide, then after more stirring, DMF would be added. One thing to note is
that Copper in higher dopant concentrations was able to facilitate hierarchical structures
with the zinc oxide. This could lead to new pathways for reactions that involve safe, low
temperature environments that otherwise might require high temperatures and/or
dangerous procedures.

Aim 3 was to verify if post modification could be achieved using only precursor
material and aqueous conditions to obtain a core/shell system with cobalt. XRD was done
to show that the amount of cobalt in the system could not be detected by this technique to

verify the crystal structure of what cobalt was forming into. SEM and TEM analysis was
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done and showed that at a certain temperature, a cobalt oxide film would form into cobalt
oxide particles. The lattice spacing for the cobalt oxide particles was 0.425 nm which is
in good agreement with literature for Co?* state. The oxidation state of cobalt was further
verified using XPS. Specifically, by the use of satellite peaks and their binding energy
rather than cobalt and its 2p orbital split. This concludes that particle formation on the
surface is in fact CoO where this is probably due to localized nucleation on the ZnO rod
formed from defects on the surface. Hence why particles are formed and not a shell.
From our understanding, this is the first report of cobalt oxide particles have been formed
on the surface of another nanostructure.
6.2 Future Work

This dissertation has let to interesting phenomena that can lead to future research
to be pursued. In this chapter, a discussion of opportunities that can be taken over by
fresh, optimistic students.
6.2.1 Solvent Study

There are promising avenues when modifying the synthesis of zinc oxide with
solvents. A possible alternative would to use the modified Hansen solubility parameters.
These parameters make note of solvents and certain properties and then by mixing
different solvents together they achieve the same effect as an expensive solvent. This
technique is primarily used in the polymer industry but could be applied to nanoparticle

systems to control the morphology of zinc oxide or any metal oxide synthesis.
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6.2.2 Doping Study

Literature and this dissertation have shown doping is possible and that
morphology can be somewhat controlled. More importantly, morphology control based
on dopant could be a plausible avenue for future research as well as involving different
solvents to fine tune the process.
6.2.3 Core/Shell Study

Future directions for this study can take two paths. The first is using alternative
solvents as a means to affect how the cobalt is grown on the surface of the rod. Another
path would be to apply this same method but use other first row transition metals and see
if nanoparticle growth is possible for those metals or if there is another metal that could
be a better core/shell system with this method. The third would to be combine the two
ideas and see if different solvents with a variety of different first row metals can produce

the same or better results described in this dissertation.
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