Synthesis and Electrochemical Characterization of Ternary Metal Oxides

by

Alexandria Rae Combs Bredar

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Auburn, Alabama
May 1%, 2021

Keywords: delafossite, spinel, electrochemical impedance spectroscopy, oxygen reduction
reaction, continuous-injection synthesis

Copyright 2021 by Alexandria R. C. Bredar

Approved by

Byron H. Farnum, Chair, Assistant Professor, Department of Chemistry and Biochemistry
Christian R. Goldsmith, Associate Professor, Department of Chemistry and Biochemistry
Christopher J. Easley, C. Harry Knowles Professor, Department of Chemistry and Biochemistry
Evangelos Miliordos, James E. Land Assistant Professor, Department of Chemistry and
Biochemistry
Ryan B. Comes, Assistant Professor, Department of Physics



Abstract

Metal oxides are an incredibly diverse class of materials that have found significant utility in
the development of emerging solar conversion technologies. Their varied electronic properties
allow them to function as charge transport materials, light absorbers, photocatalysts, and
electrocatalysts, just to name a few. Many metal oxides consist of first row transition metals,
which means they are cheap and abundant to use in these technologies. The structural diversity
among metal oxides allows for the tuning of their electronic and optical properties, which is
important for application of metal oxides in different devices. One particularly interesting way to
tune metal oxide properties is to have two metal cations present in the material. These ternary
metal oxides can be tuned in ways that binary oxides cannot.

This thesis focuses on the investigation of two different ternary metal oxide materials and
their electrochemical properties towards hole transport and catalysis. Chapter 2 and 3 focuses on
delafossite CuGaO which has shown promise as a hole transport layer in p-type heterojunction
solar devices. The properties of CuGaO. as a nanocrystalline mesoporous film were
characterized using electrochemical techniques such as cyclic voltammetry and electrochemical
impedance spectroscopy and found that depending on the pH at which the particles were
synthesized, the hole density of the material changed, shifting from metallic to semiconductive.
The hole density could also be controlled by post synthetic annealing under different
environments, such as O, Ar, and Hz. Chapter 4 explores the electrocatalytic properties of single
crystalline epitaxial spinel MnFe2O4 towards the oxygen reduction reaction (ORR), which is an
important catalytic process for fuel cell technologies. These single crystalline films were grown
via MBE on conductive substrates such that their electrochemical properties could be assessed.

We find that MnFe;O4 has great selectivity for ORR but suffers from large overpotentials.



Lastly, the use of nanocrystalline materials in energy technologies has required significant
investigation into different synthetic methods. Ternary metal oxides are more difficult to
synthesize due to competition to form the individual binary oxide materials. While investigating
a continuous injection nanocrystal synthesis for ternary metal oxide synthesis we discovered a
unique pathway of metal oxide formation, where one metal precursor catalyzes the formation of
the other binary oxide. Specifically, we found that Lewis acids, such as gallium and indium, can
catalyze the formation of Cu2O, which previously could not be accessed with the continuous
injection synthesis. The investigation of this catalytic pathway has revealed an interesting
method to study nanocrystalline reaction Kkinetics, as well as access metal oxides that could be

difficult to synthesize.
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Chapter 1
Introduction
*Portions of this chapter were reproduced from Bredar, A. R. C.; Chown, A. L.; Burton, A. R.;
Farnum, B. H. ACS Appl. Energy Mater. 2020, 3 (1), 66-98.

1.1 Solar Energy Conversion and Alternative Energy Sources

1.1.1 World energy consumption, fossil fuel use, and CO, production As the world energy
demand continues to increase, the realization of carbon neutral and carbon free renewable energy
sources is of vital importance. In 2016, the year | began my Ph.D., the world consumed 17.4 TW
of energy.! The most recent publication of world energy consumption statistics shows that
number has increased to almost 19 TW in 2019, and this number is expected to increase steadily
for the next several decades.! From the resources used to consume this amount of energy, namely
fossil fuels such as coal, oil, and gasoline, 34.2 billion tonnes of CO were produced?, which has
been shown to have a direct effect on our changing climate.? To meet world energy requirements
without exacerbating the growing problem of climate change, most of the world’s energy supply
needs to be generated from renewable resources. Of all the avenues of renewable energy to
pursue, solar energy has pervaded as the obvious choice, as the amount of energy from the sun
that strikes the earth in just over one hour surpasses the world’s current yearly energy
requirement.® For successful solar energy application, sunlight needs to be efficiently captured
and converted to a useful form. This can be accomplished with either solar-to-electric or solar-to-
fuel methods.

1.1.2 Solar-to-Electric and Solar-to-Fuel Energy Conversion Solar-to-electric is commonly
employed in the form of photovoltaics, which have the capability to significantly reduce our

reliance on fossil fuels. The first successful practical photovoltaic developed was made from



silicon, doped with different elements to create a p-n junction.* This junction allows the efficient

separation of photogenerated electrons and holes to produce current (Figure 1.1).

p-n junction
Anode Cathode
CB CB
L
E e e e
a
EF,n EF,p Ec
<4 !

VB VB
n-doped p-doped

0 A

Figure 1.1: Diagram of a p-n junction created by doped Si, and the separation of photogenerated
charges.

These photogenerated charges are derived from silicon’s band gap of 1.1 eV, which allows for
broad visible and UV light absorption (A < 1127 nm). However, the success of any photovoltaic
device is driven by its ability to separate charge over a large distance while minimizing
recombination events. Silicon must be extremely pure to operate at its highest potential, and this
makes widespread solar energy use from Si-based solar cell devices very expensive.® Even at its
maximum theoretical operating efficiency, a single junction Si-based device can only achieve
30% efficiency, based on the Shockley-Queisser Limit.>® This theoretical efficiency can be
exceeded by the use of multi-junctions photovoltaics, where multiple semiconductors are used to
increase the number of useful photons captured from the solar spectrum.” Many traditional main
group semiconductors (i.e. 1V, I11-V semiconductors) still require high levels of purity for

practical use. For this reason, alternative designs of photovoltaics have been heavily investigated,



which has opened a door of scientific exploration into new materials for better and more cost-
effective solar energy capture and conversion to electricity.

Although the conversion of solar energy to electric energy is vitally important to alleviating
the burden of fossil fuels on our planet, it cannot be the exclusive solution. The diffuse and
intermittent nature of sunlight prevents it from being used consistently. However, the conversion
of sunlight into molecules introduces a way to store solar energy in the form of chemical bonds.
These bonds can then be broken to release the stored energy, allowing for more consistent and
widespread use of the energy harnessed from the sun. This design is borrowed from nature,
where plants utilize highly efficient photosynthetic pathways to convert HO and CO; into O
and carbohydrates. Mimicking nature has inspired scientists to study the processes of water
oxidation and CO- reduction for decades. Many different catalysts, in the form of molecules or
materials, have been explored to exploit the chemistry that nature seems to do with such ease.
Effective design of devices that can do “artificial” photosynthesis require molecules and/or
materials that can effectively and efficiently absorb light, separate charge, and catalyze the
necessary oxidation and reduction reactions to produce chemical fuels, typically H, and O2. A
particularly impressive breakthrough in solar-to-fuel conversion devices came in 2012 with the
development of the “artificial leaf”.® This device used Si as the scaffold and light absorber, a Co-
based oxygen evolving complex (OEC), and a NiMoZn alloy as the proton reduction catalyst.
While this device utilizes earth abundant materials for catalysis, a more cost-effective device
design would utilize a cheaper and more earth abundant semiconductor scaffold as well.

1.1.3 Electrochemical Consumption of Solar Derived Fuels Once solar fuels such as H; and
O are photochemically produced they can be used directly to produce electricity in devices

called fuel cells. While fuel cells are not powered by sunlight, their ability to use photogenerated



fuels, such as Hz and O, to electrochemically produce electricity while only producing water as
a byproduct make them great alternatives to power vehicles.® Fuel cells, in their simplest design,
have an anode (where H. or another fuel is oxidized to produce electrons), an electrolyte (for the
diffusion of ions), and a cathode (where byproducts of oxidation at the anode can be reduced)

(Figure 1.2).

H;

Anode Electrolyte Cathode
Figure 1.2: Fuel Cell diagram, showing the oxidation of H; as a fuel, followed by reduction of
0> to form water as a byproduct.

The cathode of these devices is particularly interesting because of their necessity to reduce
oxygen to form the byproducts of fuel oxidation. For example, H> oxidized at the anode produces
protons (H*) which then travel to the cathode via the electrolyte. O introduced into the system
cannot effectively react until its double bond is broken. This specific reaction is called the
oxygen reduction reaction (ORR) and is complicated by its multi-electron/multi-proton
chemistry. ORR has two possible mechanisms, which change slightly depending on if the
reaction is done in acid or base. The alkaline ORR mechanisms are the most relevant to this

thesis and are shown in Equations 1.1 and 1.2.

1.1) 4-electron process in base: Oz + 2H>0 + 4™ — 40H"

1.2) 2x2-electron process in base: (1) Oz + H.O + 26 — HO, +OH"



(2) HO2" + H20 + 2e” — 30H"

The 4-electron process is preferrable because it has fewer reaction steps and does not produce
intermediates, such as the peroxo anion, that can be poisonous to catalytic activity.'® Currently
the best catalyst for this reaction is Pt/C, which has high selectivity for the 4-electron
mechanism, is stable in both acidic and basic media, and has the best onset potential for the
reaction reported to date of ~0.9 V vs RHE.!! However, the majority of the cost of fuel cell
technology is due to the use of Pt as a catalyst, which is too costly for widespread use.*® The
effective implementation of fuel cell technology in our energy economy requires cheaper
alternative catalysts that can effectively perform ORR.

The research dedicated to understanding the chemistry of the energy conversion technologies
discussed above has done an excellent job highlighting the necessity of materials that are
inexpensive, yet do not sacrifice efficiency. Metal oxides have proven highly efficient in this
area, as well as cost effective in these technologies. The rest of this thesis will highlight work
that seeks to understand how and why certain metal oxides function for potential application in

these technologies.

1.2 Metal Oxides for Energy Conversion Technologies

1.2.1 Heterojunction Devices In 1991, Michael Graetzel and Brian O’Regan reported on the
development of the first Dye-Sensitized Solar Cell (DSSC).*® This device differed from previous
solar cell designs because it separated the processes of light absorption and charge separation,
where electrons are generated by photon absorption via a light absorber (typically a molecular
dye) anchored onto an electron transport material (ETM) (Figure 1.3). The ETM scavenges

electrons produced from photoexcitation of the molecular dye, which is then regenerated by a



redox mediator in solution. The redox mediator is then reduced at the counter electrode of the
device, completing the circuit. The first DSSC utilized TiO2, a wide bandgap n-type metal oxide
semiconductor, as a scaffold metal oxide for electron harvesting, dyed with a ruthenium complex
as a visible light absorber, sandwiched between two electrodes with iodide/triiodide (I7/13)
electrolyte as a redox mediator.*® This device can be described as an n-type DSSC, because of
the use of an n-type metal oxides semiconductor as the ETM. p-Type DSSCs can be made as
well, by using a p-type semiconductor as a hole transport material (HTM). In these devices, the
hole generated in the ground state of the dye is moved through the valence band of the HTM to
the cathode of the device. The electron in the excited state is transferred to the redox mediator in

solution, which is then oxidized at the anode of the device (Figure 1.3).

n-Type Solar Cell p-Type Solar Cell
Anode Cathode 7 Anode Cathode

Conduction
Band

Valence Band

p-Type SC

) e h* S— ) e h* S—

Figure 1.3: n-type vs p-type heterojunction solar cell construction.

An important aspect of this design was the utilization of nanocrystalline TiO2 as a
mesoporous film, generating a much higher surface area for dye coverage and electrolyte
intercalation.’* More dye coverage translates to more photon absorption, which means more
current is generated from the device. It also means more direct contact of the film with the redox
mediator to ensure ease of charge passage between the electron transport layer and the redox
mediator. In a Si-based photovoltaics, the voltage is determined by the band gap of Si. In the

6



DSSC described above, the voltage is determined by the energetic difference between the E1/2 of
the redox mediator and the Fermi level (Erermi) of the ETM. The DSSC was the first example of a
heterojunction solar cell that did not use traditional semiconductor materials, and since its
discovery a variety of heterojunction solar cell designs have been achieved by changing the
ETM, light absorber, and redox mediator. Most prominently, heterojunction device research
currently focuses on DSSCs, perovskite SCs, quantum dot SCs, and organic photovoltaics
(OPVs), all of which can utilize metal oxides in their designs. There is also significant versatility
in these designs, to achieve higher voltages, currents, and efficiencies. A similar device design
has also been more recently developed to continue exploration of solar-to-fuel conversion. The
Dye-Sensitized Photoelectrosynthesis Cell (DSPEC) is built much like a DSSC, but with the
addition of a molecular catalyst that can perform water oxidation.'®

The benefit of these devices is their use of the metal oxide semiconductor as a cheap and earth
abundant material to perform the necessary electron transfer chemistry, which makes them a
great alternative to devices that require highly crystalline and pure Si. Section 1.2.2 will discuss
the important physical and electronic properties of metal oxide semiconductors that make them
highly valuable for heterojunction devices.

1.2.2 Metal Oxides in Electrocatalysis As discussed in Section 1.1.3, the catalysis of ORR is
very important to the widespread utilization of fuel cell technologies. Metal oxides that are
metallic or semiconductor in nature have shown the ability to catalyze this reaction, and are
excellent alternatives to Pt/C. Any catalyst that is utilized in these technologies needs to have
high reactivity (low overpotential), high stability at different pH values, and high selectivity
between the 2-electron and 4-electron process for ORR. Many studies that utilize metal oxides

for ORR catalysis do so by alloying with Pt in order to reduce the amount of Pt needed, therefore



reducing the cost.*® This is also beneficial because many metal oxides have low stability in acidic
conditions and this reduces that issue. However, finding ways to exclusively use metal oxides
would be the most cost-effective solution.

It should be noted that the most utilized form of metal oxides in ORR catalysis are
nanocrystalline/nanoparticle powders mixed with a high surface area conductive substrate, such
as graphene, to improve conductivity. Providing a high surface area material for the reaction to
occur is also important. Understanding the contribution of the crystal structure and electronics of
transition metal oxides is crucial for discovering better catalysts for these important reactions.
Some descriptors have been explored to understand metal oxide reactivity better. O, adsorption,
for example, is particularly structure dependent, and even the same catalysts can give different
activity based on its structure.’® The protonation of the oxygen to form water or hydroxide also
needs to occur, and is compensated by reduction of the metal atom at the surface. Therefore
understanding M-OH bond strength at the surface is important for understanding catalytic
activity.'® These descriptors are particularly important for understanding if the 4-electron or the
2x2-electron will dominate at certain surfaces or reaction conditions.

The most investigated transition metal oxides for ORR catalysis have been Co, Mn, Fe, and
Ni oxides, including combinations of these metals in various oxides.!” In particular, these
materials with specifically the spinel crystal structure have found an immense amount of success
in the field. Spinel metal oxides will be detailed more below in Section 1.2.6.

1.2.3 n-Type vs p-Type Metal Oxide Semiconductors In any application utilizing
semiconductors, the electronic and optical properties are very important as they will determine
how the material conducts charge. There are 3 main types of semiconductors: n-type, p-type and

intrinsic, all of which have valence bands that consists of filled states, and a conduction band that



consists of empty states. n-Type semiconductors all have Fermi levels that lie much closer to the
conduction band edge, as opposed to p-type semiconductors that have Fermi levels close to their
valence bands. Intrinsic semiconductors, like Si, have a Fermi level that is perfectly between the
valence and the conduction bands. The concentration of charge carriers is reflected by the
position of the Fermi level, meaning that n-type semiconductors have electrons as a majority
charge carrier and p-type semiconductors have holes as a majority charge carrier. The majority
charge carrier of a semiconductor is an important aspect of their ability to function in energy
conversion devices. Depending on the device application, the band gap can be important as well.
For photocatalysis use of a narrow band gap semiconductor (1-2 eV) is preferrable for more
visible light absorption. Heterojunction devices can use metal oxides as visible light absorbers,
but they can also be used as selective electron/hole contacts. Wide band gap semiconductors (>3
eV) can only absorb UV light, and therefore will not compete with a visible light absorber. n-
Type metal oxides are used as electron selective contacts (ETMs) and p-type metal oxides are
used as hole selective contacts (HTMs).

TiO, utilized by the DSSC described above, and other n-type wide band gap semiconductor
metal oxides have been shown to have a large number of conduction band states, as well as large
electron mobilities, leading to large conductivities.*®® n-Type conductivity in a metal oxide
derives from having electrons largely delocalized in the conduction band, typically due to
overlap of the metal s/d orbitals, which lowers the effective mass of electrons and gives rise to
high charge mobility.?® The employment of TiO; in the first DSSC has seemed somewhat
serendipitous, as no other wide band gap n-type metal oxide has been able to match its charge
transport capabilities, while somewhat limiting recombination pathways. SnO: is too conductive

as a results of n-type defects, making recombination pathways more energetically favorable??,



ZrO> has a conduction band minimum which is energetically unfavorable for electron injection
from most dyes?, and ZnO, while similar energetically to TiO2, suffers from poor injection of

the electron from the molecular light absorber into the conduction band.?
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Figure 1.4: band diagrams of p-type (blue) and n-type (green) semiconductors and their
contributing orbitals

As stated above, the research and development of most heterojunction solar cells has focused
on using n-type semiconductors. However, to increase the maximum photovoltages and
photocurrents for DSSCs, tandem devices need to be realized. This can only be accomplished by
finding p-type semiconductor materials that can move holes as effectively as n-type
semiconductors move electrons. These hole transport materials (HTMs) also need to be
transparent to visible light. The obvious, yet complicated answer is to use p-type wide band gap
metal oxide semiconductors. However, the band structure of metal oxides makes this inherently
challenging. In p-type metal oxides, mobility of holes is dependent upon the delocalization of
charge through the oxygen 2p orbitals, which are highly localized orbitals.?* Moving electrons

through the highly delocalized conduction band is much simpler than moving holes through the
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highly localized and electronegative oxygen-based orbitals that make up the valence band of
metal oxides. However, some metals, such as late transition metals Ni and Cu, have s and d
orbitals with the proper energetics such that they can overlap with the oxygen 2p orbitals,
helping delocalize the charge (Figure 1.4).% This improves hole conduction through the valence
band significantly, allowing for holes to be the majority charge carrier,

NiO has been the most widely investigated p-type semiconductor for heterojunction device
applications to date.?® Originally chosen for its synthetic simplicity and wide band gap of 3.6
eV?’, devices utilizing NiO have been plagued with problems, mostly surrounding fast charge
recombination.?® Other issues that make NiO a less than ideal p-type wide band gap metal oxide
are its unfavorable valence band edge position compared to typical redox mediators, decreasing
the photovoltage, and absorption of visible light because of d-d transitions, decreasing the
photocurrent by competing with productive light absorption of the dye.?® The champion n-type
DSSC using TiO; has an efficiency of 12.4%.28 The champion p-type DSSC, which uses NiO,
has only achieved an efficiency of 1.3%. This points to significant difficulty in charge transport,
light absorption, or electron recombination that is less apparently in n-type DSSCs. To achieve a
high functioning tandem DSSC the p-type side needs to work as effectively as the n-type side.
Other heterojunction solar cells also benefit from an HTM, so diversifying the library of HTMs
with p-type metal oxides is of value. For this reason, exploration of other p-type metal oxides can
contribute greatly to the heterojunction solar cell community.

1.2.4 Binary versus Ternary Metal Oxides Before discussing the specific metal oxides that
were researched for this dissertation, a discussion of binary vs ternary metal oxides is warranted.
The metal oxide library is vast and diverse in terms of elemental composition, crystal structures,

and electronic properties. Almost all transition metals have associated oxides, many with
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multiple stochiometric and crystal structure combinations. As an example, iron has 16 different
possible stoichiometric combinations of Fe, O, and H giving rise to several iron oxides and
oxyhydroxides, each with unique structure, electronic, and optical properties. Upon introduction
of a second metal, the possible number of structures in which Fe can be found increases
significantly. Perovskites, spinels, delafossites, and several silicate crystal structures can
incorporate Fe, along with secondary metal ions, to create ternary metal oxide crystal structures.

In the metal chalcogenide literature, the introduction of metal ions to create ternary and
quaternary structures is very common. The introduction of other metal ions significantly
increases the structural and optoelectronic properties of these materials, and this behavior can
also be found in the metal oxide literature. Cu20 is an interesting example, where cuprite
consists of a cubic lattice with linearly coordinated copper atoms and tetrahedrally coordinated
oxygen atoms. Cu;O has a 2.2 eV band gap, allowing for visible light absorption, but has
stability issues in aqueous systems, making it difficult to use in some photocatalytic applications.
Delafossite CuUMO> on the other hand, have similar crystallographic arrangements of the atoms,
(linearly coordinated copper and tetrahedrally coordinated oxygen), but the introduction of the
second ion significantly increases the stability in aqueous media at most pH’s. The second ion
can also be used to tailor the band gap, giving variety in the optoelectronic properties of these
materials.

Another reason for pursuing ternary metal oxides is the tailoring of chemical reactivity of the
metal oxide. Different metals have different reactivities to all chemical processes based on their
size, oxidation state, Lewis acidity, electron configuration, coordination environment, and
numerous other reasons. In order to satisfy charge balance, ternary metal oxides can have metals

in the same oxidation state or in different oxidation states. The metals can also occupy different
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coordination sites, which can tailor reactivity. Spinel metal oxides are excellent examples of
materials that display this capability.

1.2.5 Delafossite CuMO2 Alternative metal oxides that have gained attention in recent years,
are delafossite Cu'M"'0,.%8. Delafossite copper metal oxides are ternary metal oxides with the
formula Cu'M"'O,, where M'""' can be a variety of transition metals or group 13 cations.
Depending on the M""" cation present, variability of the band gap can be achieved, which gives
rise to a diverse array of applications for delafossite materials, particularly within the construct
of heterojunction devices. CuCrO,, CuScO,, CuAIO2, and CuGaO: all have band gaps >3 eV,
and have all been investigated as potential HTMs in heterojunction solar cells.33" If transition
metals such as cobalt, iron, or manganese occupy the B cation site, then the band gap is ~1.5 eV
which is appropriate for visible light absorption. For this reason, CuCoO;, CuFeO,, and CuMnO
have been investigated as photocatalysts for H*/CO. reduction.®*! Several delafossites,
including CuFeO2, CuRhO,, and CuCrO; have been investigated for water oxidation catalysis.*?
The crystal structure consists of O-Cu-O layers alternating between MOs edge-shared octahedra,

stacked in the c-direction (Figure 1.5).

Figure 1.5: Delafossite CuGaO: as the 3R polymorph
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The crystal structure has two possible polymorphs: the 2H and the 3R polymorph. The 3R
polymorph is the most common crystallographic phase, but some CuMOz, such as CuScO. prefer
the 2H phase.®” The anisotropy of the crystal structure also gives rise to anisotropic charge
transport, where it has been shown for CuAlO- that hole conduction is 25 times faster in the ab-
plane (Cu' atoms) than in the c-direction.*?

For application as a hole transport material in heterojunction solar cell devices, CuGaOz has
emerged as a promising candidate. Compared to NiO, its optical transparency is significantly
better due to copper in its 1+ oxidation state, giving it a d*° electron count and preventing
absorption losses from d-d transitions. Its valence band edge is also 200mV more positive than
that of NiO, meaning it will give a larger photovoltage in device operations. While the increase
in photovoltage has been observed experimentally in CuGaO. based devices, photocurrents
remain poor. Chapters 2 and 3 are devoted to understanding more fully why this could be.

1.2.6 Spinel Transition Metal Oxides Spinels are among the most ubiquitous structures in
materials chemistry, considering almost all transition metals have been observed in a spinel.*
The diversity of elements that can take this composition lends significant diversity to their
possible electronic and optical properties. Spinels are typically of the formula A"B"',04, where
the A sites are tetrahedrally coordinated and the B sites are octahedrally coordinated. In a normal
spinel, all A cations occupy tetrahedral sites, and all B cations occupy octahedral sites. However,
depending on the crystal field stabilization energy of the cations involved, some 2+ cations
prefer the octahedral sites, pushing half of the 3+ cations into tetrahedral sites. This is called an
inverse spinel and is typical for Ni containing spinels, due to the preference of Ni?* for

octahedral sites. The crystal structure of spinels is typically cubic, but tetragonal distortions can
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occur when certain elements, such as Mn, occupy the octahedral site and cause a significant

Jahn-Teller distortion.* The crystal structures of some common spinels are shown in Figure 1.6.

MnFe,0,4 CoMn,0, NiMn,O,4

Normal Spinel Inverse Spinel

Tetragonal Distortion

Figure 1.6: Manganese based spinels demonstrating the variations in structure type. A) MnFe2O4
is a normal spinel, b) CoMn204 is a normal spinel with a tetragonal distortion, and ¢) NiMn2Og is
an inverse spinel

The vastness of the spinel library and the toolkit to synthesize them, makes them excellent
candidates for exploring their catalytic activity. Recently, Yang et. al. systematically synthesized
and reported on the ORR capability of 16 different transition metal-based spinel oxides as
nanocrystals on a carbon support.*® This study is recent in a large list of spinel based ORR
studies that have looked at nanocrystalline ORR activity as a function of defects, dopants,
morphologies, etc. Little work has been done to understand ORR activity on single crystal spinel
materials, and chapter 4 of this thesis will aim to shed light on this area, specifically with

MnFe2O4 grown via molecular beam epitaxy.

1.3 Synthesis of Metal Oxides
This introduction would not be complete without a brief overview into the synthetic methods

in which metal oxides can be produced. Metal oxides can be studied in a variety of forms,
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including single crystalline, polycrystalline, and nanocrystalline. The morphology and size of the
material can play a role in the properties of the material that are measured; therefore, it is
important to understand how different synthesis methods can produce different forms of the
metal oxide. The metal oxides studied for this thesis were mainly synthesized as nanocrystals,
but the study of single crystalline spinels grown via molecular beam epitaxy (MBE) was done as
well. An overview of nanocrystalline synthesis methods, mainly hydrothermal and continuous-
injection, and the single-crystalline synthesis method MBE are discussed below.

1.3.1 Hydrothermal Synthesis Hydrothermal synthesis describes the synthesis of materials in
aqueous conditions at elevated temperatures and greater than 1 atm of pressure.*” To achieve
these conditions, the reactions take place in Teflon-lined autoclave vessels. Hydrothermal
synthesis can be used to synthesize many different and new materials, because the reaction
conditions allow for the formation of supercritical water.*® This changes the relative solubility of
reactants and induces crystallization. Solvothermal synthesis works similarly, but with the
exception that an organic solvent is used in place of water. Hydrothermal and solvothermal
syntheses are extremely versatile synthetic techniques but have the downside of being a “black
box” reaction, in the sense that the formation of products cannot be readily observed.
Hydrothermal synthesis can also suffer from unregulated seed formation and growth phases that
cause polydispersity in nanocrystal formation. For the reason, hydrothermal synthesis is usually
reserved for materials that are difficult to form at ambient pressure, such as delafossite oxides.*°
Otherwise, nanocrystals are synthesized using methods that allow for significantly more control
over the size, morphology, and phase of the desired material

1.3.2 Continuous Injection Synthesis Some of the most utilized synthetic methods in the

inorganic nanocrystal synthesis are the hot-injection and heat-up synthetic methods, which have
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been utilized for the synthesis of many binary, ternary, quaternary nanocrystal materials.>%5

Hot-injection synthesis involves the injection of a precursor material into a high boiling point
solvent, which induces a fast nucleation event from supersaturation of the solution. This is then
followed by a short-lived growth stage, where remaining monomer in solution contributes to the
growth of the nanocrystals. This synthesis is particularly well-known for making well-defined
nanocrystals, due to very distinct nucleation and growth phases. However, this method relies on
uniform stirring and heating of the reaction solution, which makes scale up of the hot-injection
reaction difficult. Heat-up synthesis, on the other hand, provides a great solution for scale up
problems, as all the precursors are present in the reaction flask upon heating. The application of
heat at a controlled rate allows for the controlled decomposition of precursors into monomer,
which can then nucleate once supersaturation has been achieved. This instigates the growth
phase, followed by completion of the reaction. This synthesis can be particularly great for
making ternary or quaternary materials by precursor tailoring, which can be more challenging
with the hot-injection synthesis. However, the heat-up synthesis does tend to have more issues
with controlling particle size and morphology, as the rate of precursor decomposition can affect
the initiation of nucleation and growth phases, which need to be well-separated. These syntheses
are also not necessarily well-suited for metal oxide synthesis, as the oxygen in the crystal
structure needs to come from a ligand in solution, typically through lysis of a carboxylic acid.
This limits the range of precursor materials, which can be very important for synthetic tailoring.
This has led to the investigation of the continuous injection synthesis, which is a middle
ground option between the hot-injection and heat-up synthetic methods.>>*3 It involves the slow
addition of precursor to a hot solvent solution, which allows for a highly controlled layer-by-

layer addition of monomer to the nanocrystal surface. This extends the growth regime of the
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synthesis and allows for significant variation of particle size, as well as doping and dopant
location in the nanocrystal structure.>* This reaction is particularly well-suited to metal oxide
nanocrystals, because metal oleate precursors can form the necessary M-OH monomer units via
an esterification reaction, which is catalyzed by the metal precursor itself. This method has been
shown to be applicable to the synthesis of first row transition metal binary oxides, as well as
some ternary metal oxide species, such as doped metal oxides.>?>°" We explored this synthesis
for the development of a wider variety of ternary metal oxide synthesis and were enlightened by
how reactivity of the individual metal components can influence the overall mechanistic
pathway. This will be discussed significantly in Chapter 5.

1.3.3 Molecular Beam Epitaxy Pulsed-laser deposition (PLD), chemical vapor deposition
(CVD), and molecular bean epitaxy (MBE) are the typical choices for the growth of single
crystalline metal oxide films. What these methods have in common is the volatilization of metals
to the gas phase, combined with oxygen to produce a layered deposition of material onto a
substrate.%® The difference between these methods is the way in which the metals are volatilized
and deposited. For the purpose of this thesis only metal oxide MBE will be discussed.

MBE is a synthesis technique that has the capability to produce exceptionally pure, defect-
free metal oxide materials.%®%° This is related to the way in which the metals are volatilized,
which is done using effusion cells. Effusion cells are used to thermally generate atomic beams of
the desired metal to be deposited on the substrate. Oxygen is also introduced to the system as
either molecular oxygen (O) or ozone (Os). The amount of oxygen introduced into the synthesis
chamber is very important for the oxidation of the evaporated metal species and for
stochiometric balance to achieve the desired material. Once a proper mixture of metal cations

and oxygen atoms has been achieved, growth of highly pure, single-crystalline materials by
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deposition on a substrate. The growth of the film is monitored in situ using Reflection High-
Energy Electron Diffraction (RHEED), which is a surface sensitive technique that scatters
electrons based on the morphology and crystal structure of a material’s surface. MBE has been
the “gold standard” method for producing high quality semiconductor materials for decades and
is one of the best techniques for investigating the intrinsic properties of materials.®® This is
particularly important for comparison to nanocrystalline materials, which have a higher defect

tolerance that could impart different properties when studying materials.

1.4 Metal Oxide Electrochemistry

One of the best tools for studying the properties of metal oxides for energy applications is
electrochemistry. The conductivity, surface area, defects, and band structures of metal oxides all
have an electrochemical response when probed in an electrochemical cell, which allows for
understanding of the contribution of all those properties to how a metal oxide would behave in a
solar cell device. The library of electrochemical techniques is vast, and by far the most common
technique is cyclic voltammetry (CV) which is typically used to study the electrochemical
response of small molecules in solution. Metal oxides can be studied using cyclic voltammetry as
well, where redox features related to oxidation and reduction of the metal centers can be
observed. CV is particularly important for studying metal oxides used in electrocatalysis,
because catalytic electrochemistry is well understood using cyclic voltammetry. For fundamental
investigation of the metal oxide itself, the separation of faradaic vs non-faradaic current in metal
oxide electrochemistry is more challenging due to large surface area of the electrodes and the
inherent electrochemical response of a metal oxide. Therefore, electrochemical impedance

spectroscopy (EIS is a very powerful technique to study metal oxide films and is used
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significantly in the metal oxide and solar cell literature. CV discussing the investigation of metal
oxide electrodes, including for electrocatalytic studies, will be discussed in section 1.4.1, and EIS
will be discussed in section 1.4.2.

1.4.1 Cyclic Voltammetry and Rotating Disk Electrochemistry

1.4.1.1 Cyclic Voltammetry on Mesoporous Films Cyclic Voltammetry is also a useful
technique to study metal oxide nanocrystalline and single crystalline materials. While EIS can be
useful for separating resistive and capacitive components in systems, it can be challenging to
interpret without the necessary equivalent circuit model. It is also more complex and a less used
technique. CV is the most common electrochemical technique, and while it is most commonly
used on homogeneous systems, it can be very useful for heterogeneous systems as well.
Techniques like scan rate dependence can be informative of surface bound or diffusion-
controlled processes at the metal oxide surface. Experiments in different electrolytes can be
informative of different redox processes at the metal oxide surface, depending on electrolyte
diffusion based on cation size and charge balance at the surface. CV can even be informative of
the presence of defect sites in materials based on redox features present in the voltammogram.

To highlight a few examples of the usefulness of CV in the metal oxide literature, we can look
no further than TiO2, which has been studied intensely due to its employment in heterojunction
devices. Specifically, its electrochemistry as a nanoporous film in electrolyte has been of great
interest because of the contribution of capacitance from the conduction band states, as well as
faradaic processes associated with charge accumulation at the surface. In aqueous electrolyte at
different pH’s TiO, shows different behavior based on the proton concentration in solution.®*
This study also shows difference in charge accumulation at the metal oxide interface as a

function of scan rate.5? CV has also been used to understand the contribution of trap states in

20



electron transfer at the surface of nanocrystalline Ti02.62% Changes in capacitance of a metal
oxide can also be observed in CV experiments, for example, in the case of doping of a metal
oxide. True semiconductor behavior in a CV should have a sharp onset of current increase due to
the onset of the band states being probed. No current should be passed at potentials in the band
gap because there are no states there, except for monoenergetic or exponential trap states caused
by defects. However, doping of a metal oxide can cause changes in CV, seen by significant non-

faradaic current at potentials in the bandgap (Figure 1.7a).54
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Figure 1.7: a) CV of TiO2 nanotubes comparing a fresh film with a film aged by cycling in basic
aqueous electrolyte. Cycling induces the formation of Ti®* centers which dopes the material,
changing the non-faradaic current observed. Reprinted with permission from the American
Chemical Society.®* b) CV of NiO before and after passivation of Ni vacancy defects using
atomic layer deposition. Reprinted with permission from the American Chemical Society.%®

NiO is a p-type metal oxide that has also been studied significantly with CV and compared to
TiO2 has significantly more redox features that can be probed. These redox features have been
assigned to Ni'"" and Ni"""V redox events, specifically stabilized by hydroxides at the surface
(Figure 1.7b).%® These redox features are caused by defects, specifically Ni vacancies in the NiO
material, and when remediated the voltammograms for this material can change significantly.5®
This can be explored even further by adding a redox active electrolyte to the electrochemical cell

to probe the redox properties of the surface states.®’
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These types of cyclic voltammetry studies were very useful in understanding the behavior of
mesoporous CuGaO: films and will be discussed further in chapters 2 and 3.

1.4.1.2 Cyclic Voltammetry for Electrocatalysis CV is one of the most important techniques
for understanding electrocatalytic processes, as it can be used to understand rate constants,
numbers of e transferred, diffusion limits of substrate, etc. ORR, specifically, needs to be
electrochemically evaluated while the working electrode is rotating, in an experiment called
Rotating Disk Electrochemistry. This is due to the low solubility of Oz in water, therefore the
electrode needs to be rotated to improve mass transfer to the surface. This allows for analysis of
the system under diffusion-limited conditions. An example of this data is shown in Figure 1.8a
for Pt/C electrode.

Some important parameters that are derived from electrochemical analysis of heterogeneous
catalysts are the Eonset, defined in most ORR literature as the potential at 10 pA cm?, Eup,
defined as the potential when half the maximum current is passed, nj, the overpotential defined at
a specific current density, and jg, the current density at diffusion-limiting conditions.%® To really
understand the activity of a catalyst under kinetic and diffusion controlled regimes, Koutecky-
Levich analysis should be applied. The K-L equation relates the total current density achieved by

a catalyst to the rotation of the electrode as follows:

1) 1 1 N 11 + 1
J  Jx ] nFkC, 0.62nFC,(D,)?/3v-1/6ul/2

Where Jk is the kinetic current density, J. is the diffusion-limiting current density, n is the overall
number of electrons transferred, F is Faraday’s constant, k is the electron transfer rate constant,
Co is the Oz concentration in the electrolyte, Do is the diffusion coefficient of Oz in the
electrolyte, v is the viscosity of the electrolyte, and ® is the angular velocity in units of rad s*.%°

From a K-L plot, where J?! is plotted versus w2, the slope of the line is the number of e
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transferred and the intercept is the rate constant of for electron transfer. Figure 1.8b shows a K-L

plot generated from the RDE data in Figure 1.8a.
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Figure 1.8: a) RDE experiment of Oz reduction in 0.1 M KOH electrolyte using Pt/C as a
catalyst. b) Koutecky-Levich plot of the data from the RDE experiment showing a linear
relationship for J° vs. ®2. From the slope of the line and electron transfer number can be
calculated, and the intercepts can be used to find the electron transfer rate constant.

Along with simple CV experiments, this analysis was applied to the study of single
crystalline spinel MnFe2O4 films grown via molecular beam epitaxy (MBE), which will be

discussed in more detail in Chapter 4.

1.4.2 Electrochemical Impedance Spectroscopy The importance of EIS in this thesis,
particularly chapters 2 and 3, warrants an in-depth discussion on the technique and its use in
studying metal oxide electrode materials. Electrochemical impedance spectroscopy (EIS) is a
versatile technique for the study of electrode materials relevant to energy applications such as
heterojunction solar cells, and electro/photocatalysis.”>" For these energy applications, metal
oxides with semiconductor and metallic properties are of most interest because of the need to
conduct charge through an electrical device. These materials are therefore found ubiquitously

throughout energy applications including solar-to-electrical and solar-to-fuel energy conversion
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as well as energy storage in batteries and supercapacitors. As discussed in Section 1.2, wide band
gap semiconductor metal oxides such as TiOz, ZnO, and NiO have been heavily studied as n-
type and p-type electrodes in heterojunction solar cells such as dye-sensitized solar cells
(DSSCs), organic photovoltaics (OPV), quantum dot sensitized solar cells (QDSCs), and
perovskite solar cells (PSCs).”680

As an alternating current (AC) technique, EIS is capable of distinguishing between resistive
and capacitive responses of metal oxide interfaces based on the frequency dependence of the
observed current. Central to this is the fact that the impedance of a resistor does not depend on
the frequency of the modulated voltage, however, the impedance of a capacitor is inversely
proportional to this frequency.’®>8 Therefore, EIS offers the ability to study these components
independently over a selected voltage range based on a frequency dependent current response.
By comparison, a direct current technique such as cyclic voltammetry (CV) shows capacitive and
resistive features simultaneously, such that differentiating the two can sometimes be difficult.5?

1.4.2.1 EIS Background EIS is fundamentally an AC technique in which an applied potential
E(t) is modulated over time with a small amplitude (|Eo| ~ 5-10 mV) at a controlled frequency
(w) according to Equation 1.3. Here, ® is an angular frequency defined by @ = 2xf and f is the
frequency in Hz. The small perturbation in potential defined by |Eo| is required to ensure linear
behavior of the current following the Butler-Volmer model.® The measured current response 1(t)
is matched in frequency but offset by a phase angle (¢) depending on the parameters of the
electrochemical circuit, Equation 1.4. Impedance is defined as the AC analog to resistance and
is thus related to the alternating potential and current through Ohm’s law shown in Equation 1.5

and is expressed in units of ohms (Q2).

1.3) E(t) = |Eo|sin(wt)
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1.4) 1(t) = |lolsin(wt + @)
1.5) Z(w) = EW/I(1)

In a typical EIS experiment, the modulation frequency is sampled over a wide range (~1 mHz
— 1 MHz) for a fixed applied potential (Eapp) On top of which the small modulation amplitude
|Eo| is applied such that E(t) = Eapp + |Eo|sin(w?). When the frequency range is completed, Eapp is
shifted to a new value and the process is repeated. For a single potential, experiments may take
anywhere from a few seconds to tens of minutes depending on the frequency range of interest.
Therefore, it is not uncommon for experiments to take many hours to fully collect EIS data over
a wide potential range and/or with a small step size between applied potentials.

Collected data are then interpreted using a variety of plots. The most important is the Nyquist
plot, in which impedance is plotted as a complex number (j = +/-1) according to Equation 1.6
with Zim (Z°’) along the y-axis and Zge (Z’) along the x-axis (Figure 1.9). The characteristic
semicircle arc arises from the parallel combination of a resistor and capacitor described in
Figure 1.9. Each data point in a Nyquist plot represents a different frequency with ® decreasing
from left to right. At infinitely low frequencies, the applied potential is essentially constant, and
this condition is considered the DC limit where Zre = Rs + Rct. This condition is often relevant
when relating EIS data to other DC electrochemical techniques such as cyclic voltammetry. For
each frequency, the impedance is defined by a vector originating from the origin with magnitude
|Z| and phase angle ¢. These two terms are defined with respect to Zre and Zim by Equations

1.7-1.8 below.

1.6) Z(®) = |Z|(cos(9) - jsin(@)) = Zre - jZim
1.7) |Z| = (Zre® + Zim?)Y?
1.8) tan ¢ = Zim/Zre
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Figure 1.9: Simulated (a) Nyquist and (b) Bode plots representing the same EIS data (Rs = 100
Q, Ret = 1000 Q, Cint = 100 pF). In the Nyquist plot, the modulus |Z| and phase angle ¢ define the
position of each frequency dependent data point in a complex plane. In the Bode plot, |Z| and ¢
are plotted against the modulation frequency. The angular frequency associated with the -Zim
peak in the Nyquist plot is labeled wp and corresponds to points labeled f, in the Bode plot.

Another method of graphing EIS data is the Bode plot, which is a combination of two plots
that show the magnitude of impedance |Z| and the phase angle ¢ on the y-axis and the
modulation frequency f along the x-axis. Again, each data point represents a unique frequency
which can now be correlated directly with |Z| and ¢. The Bode plot therefore allows for the
frequency dependence of impedance to be more clearly observed than what is shown in the
Nyquist plot. Sometimes, |Z| and ¢ are combined into a single Bode plot with two different y-
axes while at other times they are separated into Bode-Z and Bode-Phase plots. A simulated
Bode plot is shown in Figure 1.9 with the same parameters used in the Nyquist plot for
comparison. Note that although the peak shape observed for ¢ results from the semicircle arc
shown in the Nyquist plot, the frequencies associated with each peak are not identical. The peak
in the Nyquist plot is directly related to Rct and Cint at the electrode surface according to f, =
1/RcCint Where RCint IS known as the time constant for the parallel circuit. The peak in the
Bode-Phase plot, however, does not correlate with f, and can sometimes be difficult to interpret

directly due the presence of additional circuit elements such as series resistance. We caution the
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use of Bode plots to directly interpret EIS data and instead encourage all data to be fit according
to a well-defined circuit model (discussed further below).

EIS data can also be interpreted in terms of frequency dependent and potential dependent
capacitance. Just like impedance, capacitance can be defined as a complex number and
determined from Z(w) based on Equation 1.9. Plotting Cre vs frequency reveals direct
information about capacitance at the electrode surface. This method of analysis has become
particularly useful in the area of PSCs where accumulation of mobile ions (e.g. iodide,
methylammonium) in the perovskite material at the interface with metal oxide electrodes results
in large capacitances at low-frequencies.?4% Figure 1.10 shows an example plot of Cre Vs
frequency for the same data shown in Figure 1.9. Note that the plateau in capacitance occurs at
Cre = 100 uF = Cint, thus allowing for the interfacial capacitance to be obtained directly from the
plot.

1.9) C(o) = 1/joZ(®) = Cre - jCim
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Figure 1.10: Capacitance vs frequency plot showing a plateau at Cirx = 100 uF. Cre Was calculated from
Equation 1.9 based on the same data simulated in Figure 1.9. The peak frequency observed in the
Nyquist plot is shown here for reference at f,.

Another important aspect of interpreting EIS data is fitting of the data using equivalent circuit

models. These models consist of resistors, capacitors (or constant phase elements), and inductors
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to mimic the pathways through which current can flow in an electrochemical system. To briefly
expand, resistors are used to model redox behavior and mobile charges in electrochemical
systems, capacitors and constant phase elements are used to model the contributions of non-
faradaic current, and inductors model electromagnetic fluxes, typically caused by proximity of
electrodes. With these components five models have been identified of significance to the metal
oxide community: a simple Randle’s circuit (Model A), multiple Randle’s circuits in series
(Model B), the imbedded Randle’s circuit (Model C), Randle’s circuit with a Warburg diffusion
term (Model D), and a more specialized model that describes diffusion of charges in a thin layer
film (Model E). A graphic of these equivalent circuits and their corresponding Nyquist plots are
shown in Table 1.1. The mathematical description of the circuit components as well as a more
detailed explanation of these equivalent circuits is discussed in our review of EIS in metal oxide

materials.®®
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Table 1.1 Summary of common equivalent circuits for analyzing EIS data of metal
oxide electrodes

Circuit Simulated Data
Model A
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Ri=3kQ R2=6kQ,C1=1pF,C2=10 uF,Ra=1kQ, 6 =5kQs"2 L/D¥2 =1
s2 B = 1.0 unless otherwise indicated. Blue lines show R1 and Qz terms appear in
the overall data. Green lines show Rz, Qz, Rq, or Zw terms appear in the data.
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1.4.1.2 EIS of Metal Oxides for Heterojunction Devices The rest of this section will detail the
use of EIS on metal oxide electrodes that are relevant to the study of heterojunction devices.
Nanocrystalline, polycrystalline, and single crystalline metal oxide materials have been of great
importance for their utilization in devices for solar-to-electric energy conversion.®® As discussed
in Section 1.2.1, n-type and p-type wide band gap oxides are used as selective contacts for
electron and hole transport, respectively, between a light absorber and the external circuit.
Oxides that have been utilized in heterojunction devices as charge transport layers include
Ti02,9% Zn0 %9 Sn0,, %% NbyOs, %101 SrTi03, 101103 Z1nSn,0,, 104106 Ce(, 107108 Njj(, 109110
and CuGaO,.1*112 This list gives a small taste of the variety found in metal oxides; from using
transition metals to lanthanides, from binary to ternary, and from n-type to p-type.

In some cases, the metal oxide facilitates charge separation from the light absorber at the
metal oxide interface such as in dye-sensitized solar cells where a molecular chromophore is
bound directly to the metal oxide surface.”®!® However, for heterojunction solar cells in which
the light absorber is a semiconductor material of considerable thickness (e.g. quantum dot solar
cells,””"® organic photovoltaics,”®'* and perovskite solar cells®®8488) charge separation of e and
h* may occur within the semiconductor and the metal oxide serves only an electrode selective for
e” or h*. In the former case, the EIS data can be readily interpreted in terms of the electronic
properties of the metal oxide because an electrolyte with a large Helmholtz capacitance is present
at the interface. In the latter case, the significantly lower capacitance of the semiconductor makes
interpretation of EIS data more challenging because the measured interfacial capacitance is a
series combination of the semiconductor and metal oxide. This is perhaps why EIS studies
focusing on metal oxides in the latter devices are not found often in the literature. Notable

exceptions include studies on QDSCs which compare SnO2 and TiO> where electron diffusion in
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the metal oxide can be observed®’ and PSCs where the nature of the metal oxide makes a
significant difference in the magnitude of the interfacial capacitance observed at low
frequencies.®+%8

EIS is a powerful tool to characterize metal oxide electrodes, either in simple electrochemical
cells, or in the context of complete solar cells. While CV on heterogeneous systems is useful,
EIS can provide distinction between specific interfaces such as the metal oxide/electrolyte and
metal oxide/substrate interfaces as well as significant information on the band structure, density
of states, number and type of charge carrier, and conductivity of the metal oxide electrode.” In
this section we describe metal oxides used for solar-to-electric energy conversion, the results of
their EIS data, and the models that have been used to understand their properties. The
understanding of heterogeneous electrochemistry using EIS is significant in the literature for
TiO2, Zn0O, and SnO; for electron transport (n-type), and NiO and CuGaO; for hole transport (p-
type). In most cases, a metal oxide/electrolyte interface is specifically studied, however, a
discussion of metal oxide/semiconductor interfaces is also included in the section on TiO; as it
relates to recent work in the area of PSCs. The specific resistors and capacitors discussed in this
section are related to the resistance to charge diffusion/transport (R4, Rt, or Zw) through the metal
oxide, resistance to charge transfer (Rc) or charge recombination (Rrc) at the metal oxide
interface, and the chemical capacitance (C,) of the metal oxide. Importantly, Cy can also be
represented as a density of states (DOS) of the metal oxide, which gives insight into the
distribution of defect/trap states at the metal oxide interface. Metal oxide morphology and doping

are also shown to influence Cy, due to surface area changes, exposure of surface states, and

changes in conductivity/introduction of defects.
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1.4.1.2.1 n-type metal oxides: TiO2: The most significant use of EIS to study a metal oxide
in the context of heterojunction solar cells has been done on TiO2 because of its use in the
original Gritzel cell.**> Bisquert and coworkers, in particular, have published a significant body
of work on mesoporous films of TiO2 nanocrystals, as they are the most relevant in the context of
dye-sensitized solar cells for their high surface area.5:116-119

Bisquert has shown that depending on the applied potential to a bare TiO> electrode in a
three-electrode set-up, different models can be used to understand the electronic properties of the
metal oxide.?*” Specifically, the electrode can behave as an insulator at potentials very positive of
the conduction band edge, and as a metal at potentials very negative of the conduction band
edge. In these regimes, the equivalent circuits are simplified as shown in Figure 1.11. The
corresponding Nyquist plots next to each circuit demonstrate that the impedance at positive
potentials resembled a Randles circuit with an infinitely large Rct, due to low level of electronic
states in the band gap. As the potentials became more negative and conduction band states began
to be populated by electrons, Rct decreased and a semicircle arc was observed at low frequencies.
At these conditions, the resistance for electron diffusion through the film could be observed,
shown by the linear behavior at high frequencies, and the capacitance associated with conduction
band states could be estimated. The transmission line equivalent circuit shown as Model E was
developed to model EIS data such as this for TiO2 mesoporous films. As the applied potential
was pushed further negative, the diffusional resistance decreased such that the linear feature was
no longer observed. The capacitance of the metal oxide also increased such that the full
semicircle arc was not fully resolved over the frequency range. These changes were explained by
an exponential increase in the density of conduction band states in TiO2. As these states were

populated at more negative potentials, the diffusional resistance decreased based on its inverse
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relationship with conductivity and the capacitance increased as the concentration of charges went
up. Overall, this work demonstrated the ability of impedance to differentiate insulator,
semiconductor, and metallic behavior in metal oxide films, while considering the unique

contributions of the mesoporous structure.
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Figure 1.11: (left) Equivalent circuit models used to analyze EIS data for mesoporous TiO>
electrodes as a function of applied potential. Going from positive to negative potentials, TiO is
modeled as an insulator (a), semiconductor (b), and metal (c). (right) Nyquist plots obtained at
different applied potentials to show the behavior of each equivalent circuit. Reprinted with
permission from the American Chemical Society.'!

Bisquert and coworkers have also modified the transmission line model from above to
include interfaces specific to DSSCs. Features were added that take into account the unique

properties of electrolyte diffusion, charge recombination at the metal oxide/electrolyte interface,
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and the electrolyte/counter electrode interface.!*® Other models have been proposed that are
specific to DSSCs in other operating conditions.*?>'?! Prior to Bisquert, Kern et. al. derived a
model that allowed for elucidation of EIS behavior for DSSCs at open circuit conditions under
illumination where the modeling of electron diffusion and recombination was done with
differential equations, as opposed to RC circuit elements.*?? It was later elucidated by Adachi et.
al. that despite the different physical assumptions made by Kern and Bisquert for their models,
they are each mathematically the same.'?3

One aspect of TiO that researchers have sought to understand is the presence and
distribution of trap/surface states present at potentials below the conduction band edge. The
presence of these states influences the measured chemical capacitance and the charge
transfer/recombination events that take place at the metal oxide surface. A study by Mora-Sero
and Bisquert showed that the Fermi-level of electrons in surface states was distinct from the
Fermi-level of free electrons in the conduction band of TiO2.}?* Due to recombination of the
electrons in the surface state with the electrolyte, the Fermi-level of the surface states is always
below that of the bulk Fermi-level. The charge transfer resistance was measured by EIS and
plotted vs the Fermi-level energy of the surface states and the bulk. It was revealed that surface
state recombination is dominant due to low concentration of conduction band electrons when the
Fermi-level of the surface state is below that of the surface state energy and conduction band
energy. As the Fermi-level of the surface state surpasses the energy level of the surface state, and
the bulk Fermi-level approaches the conduction band, conduction band recombination becomes
the dominant pathway.

Results of EIS investigations of nanoparticle TiO2> mesoporous films in many studies have

indicated the presence of such surface/trap states.®>1?5-130 Gimenez et. al. studied surface states
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for a bare TiO: electrode in aqueous electrolyte by modeling the charge transfer resistance and
chemical capacitance using the transmission line model (Model E).*?” A monoenergetic trapping
model was developed in the paper and was validated by simulations and experimental data. EIS
data showed an exponential increase in C, as the monoenergetic trap state was approached
(around -0.85 V vs Ag/AgCl) followed by a decrease at more negative potentials, then an
exponential increase at the trap state tail. The opposite trend was observed for R¢ where
recombination resistance decreased as the trap states were populated with electrons. Illumination
of the electrode resulted in similar behavior for Cy,, but Ret was constant over the applied
potential range. This was explained by a saturation of recombination events from photogenerated
charges. EIS has also been used to differentiate between monoenergetic trap states and
exponential trap states. Bertoluzzi et al. elucidated the contribution of exponential and
monoenergetic trap states to the total chemical capacitance by comparing nanoparticle TiO2 with

submicron TiO2, which had more defined crystal facets to expose the surface states (Figure

1.12).62
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Figure 1.12: Total capacitance of trap states measured via EIS for (left) submicron TiO; and
(right) nanoparticle TiO2. The contribution of monoenergetic traps was confirmed by the peak
feature in the capacitance as a function of potential. The contribution of exponential trap states is
shown by the dashed line. Reprinted with permission from the American Chemical Society.5?

35



Other studies have shown that passivation of trap/surface states can be achieved by adding
blocking layers.12°131-134 Blocking layers are a standard component of heterojunction solar cells
because of their ability to limit charge recombination. Pascoe et. al. showed with EIS that atomic
layer deposition of AlOs improved recombination by increasing Re, while Cy stayed
consistent.?® However, it was also shown the conduction band states were being suppressed by
the blocking layer treatment. Gose et al. used EIS to understand the improvements and
limitations of blocking layers in DSSCs.**3

The desire to change the charge transport properties and surface area of TiO2 electrodes
has led to an exploration of different nanocrystalline morphologies. There are two notable
aspects to the areas which have been investigated. The first is exploration of different crystal
phases of TiO,, such as anatase, rutile, and brookite to understand the relationship between
crystal structure and charge transport. The most studied of these phases is anatase TiO2 because
of its larger band gap and higher conductivity,'*® but interest in rutile and brookite have been
reported in the literature.'®-14* EIS has been used to understand the fundamental charge transport
properties of rutile and anatase crystal phases directly,'*>¢ as well as in solar cells.'47-150
Growth of the rutile phase thermodynamically favors nanorods and can be seen in a study by
Kim et al. to function well as a scaffold for perovskite nanocrystals in solid state PSCs.*#® Using
EIS the authors determined the effect of rutile nanorod length on device performance. Under
both an applied potential and illumination, it was determined that the impedance fitting could be
simplified from the transmission line model (Model E) to a simple two-arc model (Model B),
because the mid-frequency Nyquist arc did not have a linear feature indicating diffusion limited
charge transport, believed to be due to the large, applied potential. The mid frequency arc was

the result of the recombination resistance and the chemical capacitance. The authors showed that
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nanorod length had little effect on the chemical capacitance or recombination resistance in these
devices, as neither of these parameters were changing significantly with applied potential, which
was consistent with previously reported rutile PSC measurements. However, the photocurrent
and photovoltage decreased in devices with increasing nanorod length.

Brookite solar cells have typically shown lower efficiencies than anatase TiO3, but have
had large open circuit potential (Voc).143144147:148.151 poyriafari et al. used EIS to study anatase
TiO2 and brookite samples synthesized under acidic and basic conditions to compare how
morphology and surface structure affected electron injection into TiO2.14" EIS was measured at
the open circuit potential under illumination and Nyquist plots were fit to the transmission line
model (Model E). Synthesis and nanoparticle treatment both showed an effect on the measured
chemical capacitance, recombination resistance, and electron lifetime in the TiO2 electrodes. Cy
showed exponential dependence on Vo for each sample, consistent with surface states, but base-
synthesized brookite C, was considerably lower than anatase TiO>. Rrec for brookite DSSCs was
lower than anatase, but acid treatment increased Rrec in brookite DSSCs. Base-treated brookite
also had the shortest electron lifetime, consistent with a small Ryec.

Kusamawait et. al. had previously done a similar study on brookite TiO2 photoelectrodes
and showed high Vo for brookite devices.'*® They also showed a higher recombination
resistance and slower charge transport. The same EIS model was used in both studies (Model E).
Hsiao et. al. also explored the effect of brookite and rutile defects in anatase TiO2 with EIS in a
DSSC.'° The authors emphasize that the presence of trap states in TiO2 has been tied to crystal
defects, and intentionally adding those defects helps study the influence of trap states on charge
transport. Measured EIS of pure and defect-rich anatase reveal an increased C, for defect-rich

anatase, which is consistent with the surface traps acting as electron sinks.
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The second aspect of morphological studies of TiO using EIS has focused on changing the
shape of the nanocrystal.’®>'% By exploring different particle shapes, control over electron
transport and surface area can be achieved. Morphologies that have been explored for TiO2 with
EIS include: nanOpartiC|es’62,116,117,1197123,1257128,150,1547161
nanowires/nanotubes/nanorods,®364153.162-171 and other irregular shapes.’*°12 Several of these
morphologies have been studied in conjunction with synthetic, photochemical, and
electrochemical doping. The most popular structure, besides nanoparticles, in the literature is the
nanowire/nanotube/nanorod structure. To briefly differentiate these structures, nanorods are solid
particles oriented specifically on the substrate, nanotubes are also oriented specifically but are
hollow, and nanowires are solid but do not have a specific orientation. Their popularity is due to
the idea that electron flow in a metal oxide could potentially be directed vectorially toward the
conductive substrate for improved charge transport and extraction from the solar cell.*8* For this
reason, one-dimensional TiO2 nanostructures have been investigated in solar cell
devices.153162.167.168 \w1 et al. used EIS to measure and deconvolute every aspect of a nanotube
DSSC, including resistances associated with diffusion, electron, and charge transfer, as well as
capacitances associated with the double-layer, contact, and chemical capacitances in the
device.168

One of the first studies of TiO2 nanotubes by Fabregat-Santiago et al. used EIS to compare
the charge transport properties and chemical capacitance to that of TiO nanoparticles.®* Whereas
TiO2 nanoparticles typically show low charge carrier densities with a Fermi-level that is well
below the conduction band edge, different morphologies of TiO. can display more metallic
behavior (i.e. high carrier density). To explore if this phenomenon is observed in TiO,

nanotubes were synthesized with widths of 20 nm, reflective of the size of TiO> nanoparticles

38



synthesized for films but had variable lengths from 200-1000 nm. The Nyquist plots display a
single arc at low frequency with a high frequency linear feature, indicative of electron diffusion
through the TiO2 nanotube. The widths of these TiO2 nanotubes did not show a depletion

capacitance consistent with band bending, which is the same behavior observed in nanoparticles.
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Figure 1.13: Potential dependence of capacitance and transport resistance for TiO, nanotubes
measured by EIS as a function of applied potential. The “aged” nanotube electrode showed a
large, uniform C, and low Ry, indicating that H+ intercalation into the TiO2 electrode had
occurred. Reprinted with permission from the American Chemical Society.%

Furthermore, it was demonstrated in the study by Fabregat-Santiago et al. that the
nanotubes were susceptible to electrochemical doping, when exposed to an extremely negative
potential for an extended time in basic media. This caused a significant change in the chemical
capacitance and transport resistance. Figure 1.13 shows that in the “fresh” nanotubes, the

transport resistance measured by EIS exhibited an exponential dependence on applied potential,
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indicative of a low number of charge carriers when the applied potential is far from the
conduction band edge. A similar trend was observed for the chemical capacitance, consistent
with an increase in electronic states as the conduction band edge was approached (Figure 1.13).
TiO2 nanotubes that were “aged” by long exposure to an applied negative potential showed a
significant decrease in transport resistance and increase in capacitance that varied less with
applied potential. This indicated an increase in charge carriers in the nanotubes resulting in
Fermi-level pinning near the conduction band edge. The increased carrier concentration was
attributed to reduction of Ti*" sites coupled to intercalation of H* into the TiO2 lattice. It was also
demonstrated that the capacitance measured was variable with the length of the TiO2 nanotube,
indicating the role of surface area in proton intercalation. Comparative studies of nanotubes in
acidic media showed Rt and C,, values similar to “aged” samples in basic solution. Thus, a high
concentration of protons immediately induced the reduction of TiO, and increased carrier
density. Interestingly, studies of TiO. nanoparticles in acidic media did not demonstrate this
intercalation behavior, which demonstrated that nanotube morphology was an important factor
for proton intercalation.

Doping is a very common way to control defects and electronic properties of metal oxide
electrodes.!”® EIS studies on TiO: electrodes have revealed a wide range of changes in charge
transport resistance and chemical capacitance based on the chemical nature of the dopant and the
method with which the dopant is introduced (e.g. photoinduced'®>!% or electrochemically®*
induced). Niobium, tantalum, cerium and tin have each been doped into TiO2 and the resulting
effects studied with EIS.Y4177 Collectively, these studies point to the same result where
increased concentration of dopant atoms led to decreased charge transport resistances due to the

higher concentration of free carriers in the TiO2 conduction band.
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Discussion up to this point has focused on TiOz/electrolyte interfaces where the interfacial
capacitance is directly related to the chemical capacitance of the TiO; electrode. However, when
these electrodes are used as electron transport layers in lead halide perovskite solar cells, the
capacitance at the metal oxide/semiconductor interface is more closely related to that of the
perovskite material due to the formation of a depletion layer.8488 Nonetheless, the nature of the
metal oxide in contact with the perovskite has been shown to influence the presence of an ionic
capacitance at the metal oxide/perovskite interface.r’®'® This “extra” capacitance is due to
mobile ions within the perovskite such as iodide and methylammonium which accumulate at the
interface. This ionic capacitance is also problematic in PSCs as it leads to a hysteresis in
photoinduced current-voltage measurements which are used to determine solar-to-electrical
conversion efficiency, leading to uncertainty in these measurements.*®® Kim et al. has provided
direct evidence for this assignment by examining the capacitance vs frequency data collected by
EIS for PSCs with a TiO2 electron transport layer in the “normal” configuration (electrons
directed toward the transparent conductive oxide (TCQ)) and with an organic electron transport
layer in the “inverted” configuration (electrons directed away from the TCO).!! Figure 1.14
shows that the TiO2/perovskite interface results in significant capacitance in the low frequency
region due to the accumulation of ions at the interface. The use of the organic electron transport
layer removes much of this capacitance and yields a more reproducible current voltage curve.
Studies have shown the use of SnO2 as an n-type selective contact and/or NiO as a p-type
selective contact can also decrease this low frequency ionic capacitance, although the physical

origin of the metal oxide dependence is not yet fully understood.1’818
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Figure 1.14: Capacitance vs frequency measured for PSCs with (black) and without (red) a TiO2
electron transport layer. The inclusion of the TiO2 layer results in ionic capacitance at low
frequencies which results in hysteresis in the illuminated J-V curve (inset). The use of an organic
electron transport layer, PCBM, does not show this ionic capacitance and therefore no hysteresis
in the J-V curve. Reprinted with permission from ref __. Copyright 2015 American Chemical
Society.

Figure 1.14 also highlights an important aspect of understanding capacitance at metal
oxide interfaces. The frequency dependence shows that the ionic capacitance occurs in the low
frequency region while the bulk capacitance of the perovskite occurs at high frequency.
Therefore, in order to obtain meaningful information about the depletion layer capacitance of the
perovskite, a high frequency can be used to isolate this feature from the ionic capacitance.
Almora et al. have highlighted this technique in distinguishing true depletion layer capacitance
using Mott-Schottky analysis from erroneous assignments due to the influence of the ionic

term, 182

ZnO: Zinc oxide was one of the first metal oxides employed in heterojunction solar
cells,*®3184 put never surpassed the efficiencies of TiO2 solar cells. In comparison studies of TiO
and ZnO solar cells, the TiO, devices typically have better performance.8-187 Interest in ZnO

has been maintained because of the ease with which different morphologies of ZnO can be
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synthesized. 8818 While different morphologies have been explored in TiO2, the crystal structure
of ZnO gives rise to synthetic simplicity and a large level of variability to explore many unique
structures. EIS has been used to study ZnO nanoparticles, but nanorods/nanotubes are the main
ZnO structures studied with EIS, for the same reasons stated above for TiOx.

Before different ZnO morphologies are discussed, it is useful to compare ZnO systems that
are similar to TiO> to understand if they can, electrochemically, be treated the same. A study by
Guillén et al. addressed the issue of transport resistance measurement in ZnO nanoparticulate
DSSCs, that did not show the diffusion feature in their Nyquist data.’®® By combining time
constants measured with IMPS and capacitance values measured from EIS the authors used the
relationship t+ v = Rt Cu, where gamma is an illumination factor, to calculate Rt EIS
measurements were performed at short-circuit conditions, as to be comparable to the IMPS data,
and was then converted to R; from the given relationship. To check their method, the Rt values
obtained from EIS + IMPS were compared to data collected using EIS only, and the values are
comparable until high Fermi-level conditions are reached, as expected.

An early EIS study on a ZnO nanowire array demonstrated that EIS could characterize the
film by mathematically modeling the nanowire.*®* First, via Mott-Schottky measurements, Mora-
Sero et al. demonstrated that by appropriately defining the particle geometry of the ZnO
nanowires, band bending was demonstrated at their surface (Figure 1.15). This has not been
observed in anatase TiO» nanoparticles or nanotubes. The Mott-Schottky equation predicts a
linear trend between C2 and the applied potential (Eapp) when band bending at the
semiconductor/solution interface is present, Equation 1.10. Here, € is the relative dielectric
constant of the semiconductor, &, IS vacuum permittivity, A is surface area of the interface, e is

the fundamental charge, N is the doping density, ks is Boltzmann’s constant, and T is
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temperature. If a linear trend is observed, then the measured capacitance is that of the depletion
layer formed at the metal oxide interface and the flat band (Em) and doping density of the
semiconductor may be determined. The small linear slope observed in the Mott-Schottky data
indicated a high density of charges (N) in the nanowires, behavior that was attributed to the
synthetic method. A decrease in charge density and capacitance was observed when nanowires
were annealed under air at 450 °C, which indicated a remediation of defects that resulted in
surface states. The change in capacitance with annealing was also seen in a study by Tena-Zaera
et al. where ZnO nanowires were synthesized via electrodeposition and the same EIS model

(Model A) was used.*%

1.10) C2=(2/geoA2eN)(Eapp — Emb — kaT/e)
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Figure 1.15: (top) Capacitance measured by EIS for a ZnO nanowire arrow before and after
annealing at 450 °C in air. (bottom) Mott-Schottky representation of capacitance showing linear
behavior for the as grown ZnO nanowire electrode. Reprinted with permission from AIP
Publishing.®!

Characterization of ZnO nanorod DSSCs using EIS has also been reported. Martinson et al.
used the transmission line model (Model E) to measure the chemical capacitance and charge
transfer resistance, as well as charge lifetimes and charge extraction time.'®® Briefly, charge
lifetime is defined as the amount of time the photogenerated charge survives before
recombination with the electrolyte and is calculated from the relationship tn = RrecC,. Charge
extraction time is the amount of time it take for the photogenerated charge to be collected in the
external circuit, and is calculated from the relationship t¢ = RtC, EIS of the film was measured in
the dark, with a bias such that the charge transport resistance feature is visible in the Nyquist

plot. Conductivity is elucidated from the charge transport resistance and shows significantly
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lower conductivity compared to nanoparticle TiO2. The ZnO nanorod film also shows lower
capacitance and charge transfer resistance (Figure 1.16). However, the charge extraction time
for the ZnO nanotube DSSC is two orders of magnitude shorter than for nanoparticle TiOg,
displaying the influence of morphology on charge transport. EIS of a ZnO nanorod DSSC has
also been studied under illumination and elucidates the contribution of trap states to the device
performance.'® Fit to Model E, the chemical capacitance under illumination showed exponential
dependence at low bias potentials, consistent with a tail of surface trap states. At high bias
potentials, the capacitance shows no dependence on illumination, which the authors attribute to a
depletion layer capacitance related to the geometry of the electrode. Rct also loses its linearity
upon the bias potential reaching the onset of trap states tail, indicating a contribution of the
surface states to recombination. Rt remained consistent, regardless of whether the EIS was
measured in the dark or under illumination. The authors state this is consistent with electron

transport occurring within the nanorod core.
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Figure 1.16: (left) Electron recombination lifetimes (tn) and extraction lifetimes (tq4) calculated
from resistance and capacitance values measured by EIS for DSSCs assembled from a
nanoparticle TiO2 electrode and a nanotube ZnO electrode. (right) Conductivity of a
nanoparticle TiO, DSSC, a nanotube ZnO DSSC, and of the bare ZnO nanotube array electrode
as a function of applied potential. Reprinted with permission from the American Chemical
Society.1%
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EIS has been used to compare the size and morphological aspects on the electronic
behavior of other ZnO structures.'®>2% To briefly highlight some unusual structures, ZnO
aggregates made from sintered nanowires showed a relationship between sintering temperature
and charge transport resistance, elucidated from EIS.?% Parthasarathay et al. used EIS to show
surface state-mediated electron transfer in  ZnO multipods.’®® Hosni et. al. investigated the
electrochemical properties of ZnO electron transport layers when made of nanospheres or
nanorods.?®® Three different nanosphere sizes and one size of nanorod were studied with EIS.
The smallest ZnO nanospheres had the highest capacitance and the largest density of trap states.
The other nanospheres and the nanorods had a similar Cy, and trap state density. The capacitance
measurements correlated with the measured R, as the smallest nanospheres had the lowest
charge transfer resistance, consistent with have the highest trap state density. The other
nanoparticle morphologies had very similar Ret values.

Like TiO,, the effects of defects and doping have been studied in ZnO using EIS.207-215
The contribution of native defects in ZnO on its electrochemical performance was assessed by
Das et al., where they showed remediation of defects after post-synthetic annealing.?** Cations
doped into ZnO vary from alkali and alkaline earth metals to transition metals. Co-doped ZnO
has been studied using EIS to assess the change in the dielectric of the material,?'° and has also
been shown to change the morphology of ZnO depending on doping level, which lowered
recombination resistance and increased the charge lifetime.?'® EIS was used to explore the effect
of tin doping on ZnO particle grain boundaries and the resulting electronic properties.?!? Li is
one of the most well studied metal oxide dopants. In a study by Cheng et. al., ZnO doped at 5%
and 20% was used as an electron transport layer in an inverted OPV.?** Data was fit with Model
C, and 5% Li-ZnO showed the largest recombination resistance and an electron lifetime that was
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over two times longer than 20% Li-ZnO. Li doped ZnO has also been used as an electron
transport layer in perovskite solar cells.?*® The authors acknowledge that Li* is more likely to
interstitially dope in the ZnO structure as opposed to substituting into Zn sites in the structure.
Mott-Schottky measurements show a positive shift in the conduction band edge compared to the
undoped device. Nyquist plots fit with Model B showed that recombination resistance is higher

and charge transport resistance is lower for the doped solar cell.

SnO2: Along with TiO2 and ZnO, SnO. is a heavily investigated metal oxide for
heterojunction solar cells. However, its device efficiencies are consistently lower than those
measured for devices utilizing TiO2.2*" Relative to TiOg, it has been shown that SnO; has faster
electron transport, which is good for charge transport to the external circuit, but suffers from fast
recombination with the oxidized chromophores and redox mediators.?*® EIS has been used to
explore these challenges to further improve devices using SnOa.

Hossain et al. studied QDSCs with SnO. and compared them directly to the same device
architecture using TiO2.2! Figure 1.17 shows a comparison of Bode and Nyquist plots for these
devices. An important feature of these data was the lack of Warburg diffusion in the SnO;
electrodes, as seen by the inset Nyquist plots where a linear increase in impedance is observed in
the mid-frequency range for TiO2 and no such feature is observed for SnO,. Analysis of the TiO>
data required a transmission line model (Model E) whereas SnO; data was analyzed using series
of two parallel R||C elements (Model B). This behavior is consistent with other literature on
SnO. where rapid charge transport properties have been observed, thus Rq is small and not a
major factor in the EIS data.?*%??° The chemical capacitance and charge transfer resistance were

also shown to be higher for SnO> than TiO> over the same potential range. Efforts to visualize R¢
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for SnO2 were unsuccessful, but the authors used the transport time of the device cathode to
make a rough estimate of the diffusion length of the device. In a similar study of QDSCs with
SnO,, EIS was used to determine the contribution of the nanoparticle film structure to
recombination and capacitance by changing the porosity of the electrode.??! As expected, the
more porous structure had a higher capacitance and a lower recombination resistance, explained

by increased recombination via surface trap sites.
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Figure 1.17: Nyquist and Bode plots for (left) TiO2 and (right) SnO. QDSCs measured at their
respective Voc and 1 sun illumination. SnO> does not display the Warburg diffusion feature seen
in the mid-frequency range for TiO- indicating rapid transport of electrons in the SnO: electrode.
Reprinted with permission from Springer Nature.?

fl Hz

As with every metal oxide discussed thus far, the role of surface states has also been
investigated for SnO2. Huang et. al. investigated the effect of surface states on the function of
QDSCs employing SnO; and compared with TiO2.22 As with the study discussed above,
Warburg diffusion was found to be present for TiO> whereas it was absent in the case of SnO..
Treatment of SnO> with TiCls was shown to decrease the contribution of surface states to the C,
of the electrode, which in turn led to an increase in Rrec. This was attributed to formation of a
passivation layer, thus blocking surface states from participating in recombination reactions. EIS

has also been used to explore blocking layer treatment of SnO, in DSSCs with similar results.???
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SnO: electrodes were treated with either TiOx or TiCls and the EIS data compared with an
untreated electrode. All treated solar cells showed a larger mid-frequency arc in the Nyquist plots
than the untreated cell (Figure 1.18), indicative of increased recombination resistance at the
SnOz/chromophore/electrolyte interface. The smaller arc at low frequency was assigned the
cathode/electrolyte interface. When Rrec is plotted over the entire applied potential range, it was

shown the treatment increased Rrec universally for both treatment methods.
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Figure 1.18: (left) Nyquist plots obtained at the open circuit condition for DSSCs assembled
with SnO; electrodes which were untreated, treated with TiCls, and treated with TiOx to
determine the impact of blocking layers on Rrec. The equivalent circuit used to fit the data is
shown as an inset. An increase in the mid frequency arc was consistent with an increase in Rrec
following TiCls and TiOx treatment (right). Reprinted with permission from Springer Nature.??3

Morphological changes of SnO; electrodes have been investigated in similar ways to TiO-
and ZnO. Along with one-dimensional nanostructures (e.g. nanorods), hierarchical structures
(e.g. nanoflowers), and nanofibers have been investigated in SnO2 containing solar cells using
E1S.224228 Elumalai et al. and Kumar et al. investigated the charge transport properties of SnO2
nanoflowers and nanofibers in DSSCs.??4?% In both studies, Rrec Was larger for the nanoflowers

compared to the nanofiber DSSCs. Interestingly, a higher capacitance was also seen for the
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nanoflowers, which usually leads to a lower Rrec. This indicates a larger surface area for the
nanoflowers, but a lower contribution of trap states to the recombination process.

Regardless of the inherent high conductivity of SnO2, doping has still shown interesting
effects on its electrochemical properties.??>2** A study by Dou et. al. studied SnO2 nanoflowers
doped with Zn in DSSCs.??° They also studied the effect of a blocking layer on their devices and
all of their data was compared to TiO. nanoparticles. The chemical capacitance is lower for Zn-
SnO; compared to TiO2, but upon TiCls treatment the Zn-SnO. nanoflowers and TiO2 have a
similar capacitance, due to the increase in surface states from the treatment. Charge
recombination is also increased upon TiCls treatment for the SnO> films and surpasses the
recombination resistance for TiO». Bisquert has pointed out that charge recombination can be
affected by variations in the conduction band at different carrier concentrations,?® so to
compensate the authors also plotted Rrec vs Cy, which has been shown to allow for comparison of
Rrec at the same density of states. The plot revealed significant inhibition of recombination events
upon TiCls treatment in the Zn-SnO. nanoflowers. An increase in electron lifetime was also
observed in the treated nanoflowers. It should also be noted that charge transport resistance was
very similar in each film, which revealed that doping had a larger impact on transport than

morphology.

1.3.1.2.2 p-type metal oxides Metal oxides discussed up to this point behave as n-type
semiconductors, however, in order to expand the range of heterojunction solar cell devices, p-
type metal oxides have also been explored. The challenge of p-type oxides is the movement of
charge (i.e. holes) through the valence band, which consists mainly of oxygen p-orbitals that are

not highly delocalized, resulting in a large effective mass for holes.?® Therefore the best p-type
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metal oxides consist of metals that have 3d orbitals that can energetically overlap with the

oxygen 2p orbitals, helping with delocalization and charge transport.

NiO: Nickel oxide is the most heavily explored p-type metal oxide used as a hole transport
material in heterojunction solar cells.’®® A great deal of electrochemical properties of NiO has
been elucidated from EIS, including charge transport, interfacial recombination, and density of
states.®’246 Huang et al. measured the impedance of a NiO based DSSC and compared those
results to a TiOz electrode to demonstrate the differences between p-type and n-type devices.?®
Nyquist data for the p-type device showed only two semicircles arcs, assigned to the
NiO/electrolyte interface at low frequency and counter electrode/electrolyte interface, with no
signs of Warburg diffusion. This was attributed to the low thickness of the NiO electrode.
Comparing the two solar cells at the same potential showed a smaller recombination resistance
for NiO than TiO.. This result indicated that recombination events are more significant at the
NiO/electrolyte interface.

In order to study the charge transport through the NiO electrode, Huang et al. did a follow
up study with a thicker NiO nanocrystalline film. The net result was that a Warburg diffusion
feature could now reasonably be observed in the mid-frequency range, although it was somewhat
masked by the semicircle arc assigned to the counter electrode/electrolyte interface at high
frequency (Figure 1.19).24 This required fitting of their data using the transmission line model
(Model E). When EIS was measured under illumination of the solar cell, Rt and C, showed a
mild exponential dependence on the measured open circuit potential. The authors tied this
behavior to a hopping mechanism for the charge transport, where the holes are localized between

Ni?* and Ni** atoms. Consistent with their previous study, the authors also showed that
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illumination greatly affected Rrec, decreasing with higher light intensity and higher open circuit
potential. Figure 1.19b shows a comparison of these data with data collected from intensity
modulated photocurrent spectroscopy (IMPS) and intensity modulated photovoltage
spectroscopy (IMVS) to show similar lifetimes for hole recombination (th = RrecCy) and hole

transport (trr = RCy).
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Figure 1.19. (a) Nyquist plot of a p-type NiO DSSC measured at open circuit potential under 1
sun illumination. (b) Hole lifetimes (tn) and hole extraction times (i) calculated from resistance
and capacitance data measured from EIS compared to lifetimes measured from IMPS and IMVS.
Reproduced with permission from ref 189. Copyright 2012 American Chemical Society.

There have been quite a few studies done on NiO doping, but only a few have used EIS to
study the results.?4’-2° One in-depth study of a Li-doped NiO electrode using EIS was performed
by D’Amario et al.?*® Their exploration was inspired by the fast charge recombination lifetimes
measured in previous studies, which indicated a high conductivity for NiO and/or high density of
surface states that contribute to this recombination. The goal of this study was to shift the
position of the valence band edge using Li* doping and thereby achieve a higher open circuit
potential for the p-type solar cell. EIS results indicated a strong dependence of charge diffusion

and chemical capacitance on the percent Li* concentration present during synthesis of NiO
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nanoparticles. In terms of capacitance, NiO synthesized with 0% Li* displayed a prominent peak
at potentials near the valence band edge assigned to defect states in the NiO lattice. However,
when NiO was synthesized with 1% Li* this peak was dramatically smaller, and the overall
capacitance was shifted to more positive potentials (Figure 1.20). The authors proposed that the
inclusion of Li* results in passivation of defect states, thus a lower contribution to the overall
chemical capacitance is observed. P-type DSSC measurements supported these results by

showing an increase in the open circuit potential from 60 mV (0% Li*) to 115 mV (1% Li™).
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Figure 1.20: Capacitance and density of states (DOS) of NiO electrodes measured by EIS over a
range of applied potentials. The effect of Li-doping NiO is readily seen by the decrease in defect
states near -100 mV vs Ag/Ag®. Reprinted with permission from the American Chemical

Society.?*

CuGaO;: Delafossite copper metal oxides (Cu'M"'O.) have also been investigated as hole
transport layers in p-type heterojunction solar cells due to their wide bandgaps and large hole
mobilities.®%2 The first EIS study on CuGaO. nanoparticles was used to show that these
mesoporous electrodes could behave in a semiconductor or metallic manner.?®® Data was
analyzed using a modified transmission line model (Model E) with the addition of a contact
resistance between the CuGaO. electrode and the conductive substrate. This feature was

important due to the plate-like morphology of the nanoparticles. The nanoparticles showed low
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conductivities (o), calculated from charge transport resistance, that increased moderately as the
applied potential was stepped positive toward the valence band edge (Figure 1.21). CuGaO:
nanoparticles were then doped with Mg?*, which resulted in an order of magnitude increase in
conductivity. Mott-Schottky analysis of the measured chemical capacitance allowed for the hole
carrier density the Mg-doped CuGaO- to be measured at 10'° cm compared with 101" cm™ for

undoped nanoparticles.
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Figure 1.21: Conductivity (o) of undoped and Mg-doped CuGaO: electrodes plotted vs applied
potential showing the increase in conductivity with doping. Conductivity was calculated from the
equation 6 = L(Rt A(1-p))%, where L is the film thickness, A is geometric area of the film, and p
is porosity (assumed to be 50% for a mesoporous film). Reprinted with permission from
Elsevier.?3

Chapters 2 and 3 of this dissertation will focus on our work with CuGaO, mesoporous films,

which were studied heavily using EIS and other electrochemical techniques.

1.5 Conclusion
Our changing energy needs are driving some of the most important chemical research of the

last several decades. The development of new materials for energy conversion devices will
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continue to help our understanding of the fascinating electrochemical properties of different
metal oxides.

The next few chapters will discuss electrochemical, catalytic, and synthetic studies of metal
oxides. Chapter 2 discusses the effect of annealing temperature on the mesoporous film
properties of CuGaO; synthesized at pH 9. This study found that CuGaO. behaves as a highly
doped semiconductor, demonstrated by a large hole concentration and chemical capacitance
measured from EIS. Chapter 3 expands on this work, finding that the prevalence of holes seems
highly dependent on synthetic condition, as CuGaO- particles synthesized at pH 9 and pH 5 are
compared. Post-synthetic annealing under different atmospheres (O, Ar, H2) was also found to
influence the concentration of holes in the material. Chapter 4 discusses the study of epitaxially
grown spinel oxide films, and their electrocatalytic efficiency towards the oxygen reduction
reaction. These films were grown via molecular beam epitaxy and film characterization with
XPS, as well as electrochemical characterization and evaluation of these single crystalline films
as ORR catalysts will be discussed. Lastly, Chapter 5 discusses a new synthetic mechanism for
metal oxide nanocrystal synthesis, namely Lewis-acid catalyzed formation of Cu.O. The
formation of ternary metal oxides phases is significantly more complicated than the formation of
binary phases, due to competition of the precursors to form their own binary oxide. We highlight
a particularly interesting pathway, where one metal precursor catalyzed the binary oxide

formation of the other precursor, which formed less efficiently on its own.
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Chapter 2
Evidence and Influence of Copper Vacancies in p-Type CuGaO2 Mesoporous Films

*This chapter was reproduced from the Bredar, A. R. C.; Blanchet, M. D.; Comes, R. B.;
Farnum, B. H. ACS Appl. Energy Mater. 2019, 2 (1), 19-28

2.1 Introduction

Delafossite Cu'M'"'O, materials have gained much attention over the past decade as p-type
metal oxides capable of serving as hole transport layers (HTL) in a wide range of heterojunction
solar cells*®, photocathodes for direct reduction of H*/CO2®?! and electrocatalysts for
oxidation of H20.%2 Interest in these materials comes from the variability of the M"" atom and the
layered delafossite crystal structure that is known to facilitate hole (h™) diffusion through the
valence band.?*2* For example, oxides such as CuAlO2, CuScO,, CuCrO,, and CuGaO; are wide
band gap materials that have been investigated as HTLs in combination with appropriate light
absorbers and molecular catalysts to achieve solar-to-electrical>?>*81%15 and solar-to-fuel energy
conversion.®® Likewise, visible band gap materials such as CuFeO,, CuRhO2, and CuMnO; have
been shown to perform direct photocatalytic H*/CO; reduction via band gap excitation.'’-2! More
recently, CuCoOz, CuRhO, CuFeO2, CuCrOz, and CuMnO: have all been shown to possess
electrocatalytic properties toward water oxidation.??

The layered delafossite structure is also a key aspect of their scientific interest. Figure 2.1
shows the delafossite lattice as the 3R polymorph where alternating layers of Cu' atoms and
edge-shared MOs octahedra stack in the c-direction. Orbital mixing of Cu-3d and O-2p orbitals
delocalizes the valence band and results in p-type conductivity. Charge transport, however, is
highly anisotropic with faster hole diffusion occurring through the Cu' layer vs across alternating
Cu'/MOgs layers. For example, experimental measurements have shown that the hole mobility of
CUAIO: in the [100] and [010] direction is 25 times faster than transport in the [001] direction.?
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Figure 2.1: CuGaO: delafossite (3R) crystal structure where copper atoms (blue) lie in the ab-
plane and stack alternately with edge-shared gallium oxide layers in the c-direction.

This chapter describe the investigation of the the structural and electrochemical properties of
CuGaO; nanocrystalline mesoporous films in acetonitrile solution. CuGaO, has been studied
previously as HTLs for dye-sensitized solar cells (DSSCs)?®7101425 perovskite solar cells't,
organic photovoltaics (OPVs)!, and for CO; reduction with molecular chromophore-catalyst
assemblies.® Previous results have noted that Mg-doping and thermal oxidation of CuGaO2 can
improve solar cell performance in DSSCs? and OPVs!, respectively. In these examples,
improved solar cell efficiency was attributed to a greater conductivity of holes throughout the
nanocrystalline films due to a larger hole density (nn+). Here, we show that a large nn+, induced
by copper vacancies in the delafossite lattice, can result in surface defects and give rise to
characteristic electrochemical features. CuGaO: films also display large conductivities on the
order of 10° Q! cm™, attributed to the high concentration of holes and a preferred orientation of

nanocrystals in the film structure.
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2.2 Experimental

2.2.1 Nanocrystal Synthesis CuGaO. nanocrystals were synthesized via a hydrothermal
preparation, adapted from previously reported syntheses by Popplemeier, Jobic, and Cheng.81026
Copper (Il) nitrate hemipentahydrate (Cu(NOs)s*2.5H20, Acros Organics, 98%+) and
gallium(I) nitrate (Ga(NOs)z*H20, Alfa Aesar, 99.99%) (5mmol each) were dissolved in
deionized water (15 mL, 18 MQ cm, Milli-Q). The solution was chilled in an ice bath and stirred
continuously for 1 hour. Ethylene glycol (5mL, VWR) was then added to the mixture as a
reducing agent, and the pH of the solution was adjusted to ~9 using a 2.5 M KOH solution in 1
mL increments. The final solution was stirred for 1 hour before transfer into a 45 mL Teflon-
lined autoclave (Parr) for hydrothermal reaction at 190 °C for 24 hours in a box furnace
(Lindberg Blue M). The resulting particles were washed overnight with ammonium hydroxide
(NH4OH, 28 vol%, BDH) to remove CuO and Cu20 side products and then centrifuged and
washed with deionized water 3 times. The particles were finally washed with acetone and dried
in a vacuum oven (Lindberg Blue M) to result in a final yield of 60%.

2.2.2 Film Preparation A CuGaO> nanocrystal paste was prepared by adding deionized water
(3.3 mL, 18 MQ cm, Milli-Q), adjusted to pH 1 using nitric acid (20uL, HNOs, VWR, 70%), and
polyethylene glycol (0.25 g, PEG, MW 20,000, Millipore Sigma) to dry CuGaO, powder (0.5 g).
The final composition of the paste was 15 wt% CuGaOz and 7.5 wt% PEG. The paste was
sonicated using an ultrasonication horn (Branson 150) for 30 seconds to improve particle
dispersity. CuGaO2> mesoporous thin films were prepared by doctor blading the nanocrystal paste
onto conductive FTO glass (SnO2:F, 15 Q/cm?, Hartford Glass, Inc.). Films were then annealed

in a tube furnace (Lindberg Blue M) under an oxygen atmosphere (99.999 %, Airgas) at
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temperatures between 50-500 °C for 30 minutes (400 ft/min) followed by a second step under an
argon atmosphere (99.999 %, Airgas) at 500 °C for 30 minutes (400 ft/min).

2.2.3 Characterization A range of characterization techniques were employed to study
CuGaO: films before and after annealing. Attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR-IR) was performed using a Nicolet iS-50 spectrometer with a built-in ATR.
UV-Vis-near IR transmittance and reflectance spectra were collected using a Cary 5000
spectrophotometer with an integrating sphere accessory. Kubelka-Munk analysis was performed
directly with the Cary Win-UV software. Scanning electron microscopy (SEM) was performed
using a Jeol JSM-7000F Field Emission Scanning Electron Microscope with energy dispersive
spectroscopy (EDS, INCA). For a given CuGaO2 films, elemental analysis using EDS was
performed on three different regions with the same area (~300 pm x 300 pum) to obtain an
average and standard deviation for elemental composition. Elemental peaks were calibrated
using INCA software and a copper standard. Powder x-ray diffraction (PXRD) data were
collected on a Bruker D8 Discover diffractometer (Cu Ko source) with a Vantec 2000 two-
dimensional area detector.

X-ray photoelectron spectroscopy was performed using a Physical Electronics (PHI) 5400
system with a monochromatic Al Ka source. High resolution scans of the O 1s, Cu 2p, and Ga 2p
peaks were performed with a pass energy of 36 eV and a step size of 0.05 eV. A neutralizing
electron flood gun was used to prevent charging of the samples during measurement. The Casa
XPS fitting software was used for all data analysis and fitting. VVoigt function peaks for each
element were constrained such that the full-width at half-maximum for each core-level peak
were equal. The data were aligned such that the metal-oxide peak in the O 1s core level had a

binding energy of 530.5 eV, which matches previous literature.t
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2.2.4 Electrochemistry Cyclic voltammetry (CV) experiments were performed with a Gamry
1010E potentiostat. Data were collected using a three-electrode setup where the working
electrode was the CuGaO. film on FTO, the counter electrode was Pt mesh, and the reference
was an aqueous Ag/AgCl electrode (satd. KCI). All experimenters were performed in acetonitrile
(MeCN, BDH) with 0.1 M LiClO4 (99.99%, Millipore Sigma) electrolyte at a scan rate of 50
mV/s unless otherwise indicated. All reference potentials were calibrated before and after
experiments using ferrocene (Fc*®). The Ei(Fc*®) was consistently measured to be 0.4 V vs
Ag/AgCI in MeCN with 0.1 M LiCIO4. This value was used to adjust all potentials to the
ferrocene reference.

Electrochemical impedance spectroscopy (EIS) was performed using the same potentiostat
and three-electrode cell setup as the CV experiments. Data was collected over the potential range
-0.9 to 1.1 V vs Fc*®, with a frequency range of 250 kHz — 100 mHz with 0.1 V steps and a
modulation potential of 5 mV. Data were fit using Gamry Analyst software using an equivalent

circuit model described further in the text.

2.3 Results

2.3.1 Synthesis and Characterization CuGaO: nanocrystals were synthesized by a
hydrothermal method based on previous literature reports.®%26 SEM measurements of powder
samples showed nanocrystals of a plate-like morphology with widths of ~200 nm and
thicknesses of ~40 nm (Figure 2.2). EDS measurements revealed a Cu:Ga ratio of 0.96 = 0.02
(Table A2.1), indicating an average 4 * 2% deficiency of copper atoms in the lattice.
Nanocrystals were combined with polyethylene glycol (PEG) and water to form a viscous paste

which was used to doctor blade 4 um thick films onto conductive FTO glass. CuGaO. films were
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then annealed in a tube furnace under pure O from 50-500 °C followed by under Ar at 500 °C.
SEM images of annealed films showed no significant change in nanocrystal size or morphology

with respect to powder samples.

Figure 22 SEM images of CuGaOz nanocrystals (left) powder, (mlddle) fllm annealed at 200
°C O, and (right) film annealed at 200 °C O, / 500 °C Ar.

Figure 2.3a shows a comparison of x-ray diffraction patterns collected for CuGaO, powder
and thin film samples. The powder sample shows diffraction peaks consistent with the
delafossite phase in the 3R rhombohedral polymorph.81%12627 Upon deposition of CuGaO:
nanocrystals as a thin film, an enhancement of the (00I) peaks was clearly observed, indicating a
preferred orientation of nanocrystals with the (001) planes parallel to the FTO substrate. Figure
2.3b-c shows the two-dimensional XRD pattern for a thin film annealed at 300 °C O, / 500 °C Ar
where higher peak intensities were centered around y = 90°. The y angle refers to the tilt of the
diffraction plane with respect to the sample stage. Films annealed under Oz showed no change in
the diffraction pattern from 50 - 450 °C. Decomposition to the oxidized CuGazO4 spinel phase
was observed at 500 °C (Figure A2.1). Treatment of films under an Ar environment at 500 °C

showed no change in the delafossite phase.
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Figure 2.3: a) Powder X-ray diffractograms collected for CuGaO, powder and thin films
annealed over a range of temperatures and atmospheric conditions. b) Two-dimensional (26, %)
XRD frame showing a preferred orientation of (003) and (006) peaks. ¢) Integration of the (006)
peak intensity in the y-direction for a powder sample and a thin film annealed at 300 °C Oz / 500
°C Ar.

ATR-IR experiments were performed to assess the extent of PEG removal from the thin films
as a function of annealing temperature and atmospheric conditions. ATR-IR spectra of CuGaO>
films showed vibrational modes associated with PEG were removed at T > 200 °C under an O
environment, Figure A2.2. Continued annealing under an Ar atmosphere at 500 °C also showed
removal of PEG for films initially annealed at T < 200 °C O..

CuGaO: films under all annealing conditions were found to exhibit high scattering of visible
light, consistent with the >100 nm size of nanocrystals and 4 um film thickness. Figure A2.3
shows UV-Vis-near IR transmittance and reflectance data of films annealed at the 200 °C Oz and
200 °C O2 / 500 °C Ar conditions where the reflectance reached a peaked of 25-30% in the
visible range. A Kubelka-Munk analysis of reflectance data is shown in Figure A2.3 where a
sharp increase in the F(R) function at A < 380 nm is consistent with a wide band gap (Eq ~ 3.3

eV) for CuGaO,, consistent with previous reports in the literature.?®
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XPS data collected for CuGaO: films as a function of annealing condition are shown in Table
2.1. All films clearly indicated the presence of both Cu' (932.7 eV) and Cu'" (935.3 eV) at the
nanocrystal surface, as shown by the Cu 2ps2 spectra in Figure 2.4a.12%3! Satellite peaks in the
940-948 eV range were also observed, typical for the presence of Cu'". The Cu" peak at 935.3 eV
is further assigned to Cu'! atoms associated with surface “OH groups as opposed to lattice bound
Cu'' atoms, which would give rise to a peak in the 933-934 eV range.?® Furthermore, this
distinction is made based on the concomitant presence of surface hydroxide (OHsurf) and surface
water (H20surf) detected in the O 1s region, Figure 2.4b. These peaks were observed at 531.8 and
533.1 eV, respectively, with lattice bound oxygen atoms giving rise to a peak at 530.5 eV,
consistent with previous literature reports.! Based on these assignments, unannealed films clearly
contained a large amount of OHsurf and H2Osurs molecules due to the presence of PEG and water
from the doctor bladed paste. Annealing under an O atmosphere is shown to a remove most of
these peaks and yield a consistent peak shape for temperatures >200 °C, which features a main
peak for lattice oxygen and shoulder peaks for OHsurt and Hz2Osurs. The Cu'' peak at 935.3 eV was
found to decrease over the same temperature range concurrent with a rise in the Cu' peak at
932.7 eV, indicating that Cu" is stabilized by the presence of OHsurt and/or H2Osurt. Given the
oxidizing annealing conditions, we believe this decrease in Cu' is due to either migration of
holes from surface copper sites to bulk copper sites or atomic migration of Cu' atoms from the
surface to bulk. Further annealing at 500 °C Ar showed a small but continued decrease of Cu"

peaks, consistent with the reducing environment of the atmosphere (Figure A2.5).
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Table 2.1. Elemental analysis (at%) of CuGaO: film surfaces
obtained from XPS

Cu' cu" Ga O | cu'/Cu' | Cu/GaP
Unannealed 54 140 299 50.7 2.6 0.65
100 °C O2 70 112 30.7 517 1.6 0.60
200 °C Oy 12.3 50 327 502 0.4 0.52
300 °C O, 121 41 339 499 0.3 0.48
100 °C Oz /Ar* | 17.3 1.0 353 464 0.1 0.52
200°C Oy /JAr* | 148 2.0 365 46.9 0.1 0.46
300 °C O./Ar? | 10.1 3.3 324 542 0.3 0.41

aAr refers to annealing at 500 °C Ar after the O, step; °Cu = (Cu' +

CU“)

The Ga 2pa, peak was detected at 1118.5 eV (Figure A2.4), consistent with a +3 oxidation
state.! The ratio of total copper (Cu' + Cu") to Ga'"' at the CuGaO, surface averaged 0.52 + 0.08
for all samples. This could suggest formation of oxidized CuGa2O4 spinel at the surface,
however, we note that no lattice bound Cu" peaks were detected. Based on EDS results
suggesting copper vacancies to be on the order of 4 + 2% overall, the copper deficiency observed

by XPS is believed to be due to concentration of copper vacancies defects at the surface.
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Figure 2.4: XPS data collected for CuGaO; films showing a) the Cu 2ps, region and b) the O 1s region as
a function of annealing temperature under an O, atmosphere. Fitted lines are shown for the unannealed
condition with peaks at 932.7 eV (green - Cu') and 935.3 eV (red - Cu") in the Cu 2p3, spectra and 530.5
eV (blue - lattice O), 531.8 eV (green - OHsur), and 533.1 eV (red - H,Osyrr) in the O 1s spectra.

2.3.2 Electrochemistry - Electrochemical analysis of CuGaO: films was performed using
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) in acetonitrile
(MeCN) solvent. In all cases, the CuGaO. films deposited on conductive FTO glass were used as
the working electrode in a three-electrode setup with 0.1 M LiCIO4 electrolyte.

Figure 2.5 shows a comparison of CV data measured for films annealed at 100 °C O and 300
°C O followed by 500 °C Ar. Two observations of these data are readily evident. First, films
annealed at 100 °C O exhibited a small non-faradaic current (~5 pA) compared to 300 °C O>
(~100 pA). A closer investigation revealed a dramatic increase in non-faradaic current as the
annealing temperature jumped from 175 °C to 200 °C under O, atmosphere (Figure A2.6). This
large change in background current is assigned to removal of the PEG polymer from the film
structure, thus causing an increase in the internal surface area of the CuGaO; electrode. Second,
films annealed under all conditions displayed a quasi-reversible redox feature with E1» ~ 0.1 V

vs Fc*© followed by an irreversible oxidation near 0.8 V. The quasi-reversible feature can be
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seen most clearly for the 100 °C Oz sample in Figure 2.5a (inset). However, as the annealing
temperature was increased, the magnitude of the non-faradaic background made it more difficult
to directly observe this feature. The second annealing step at 500 °C Ar was found to increase

current associated with both redox features while the non-faradaic current remained nearly

constant.
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Figure 2.5: CV data of CuGaO; films measured in MeCN with 0.1 M LiClO4 at a scan rate of 50 mV/s.
a) 100 °C O, b) 300 °C Os.

Electrochemical impedance spectroscopy was used to help further characterize the

electrochemical properties of CuGaO: films. This technique is especially useful for
differentiating multiple features such as double layer charging, charge transfer at the
solid/solution interface, and charge transport through mesoporous films based on their frequency
dependent responses.®>2* EIS data were collected over a range of applied potentials from -0.9 to
1.1 V vs Fc*® with a voltage modulation amplitude of 5 mV. The modulation frequency was
varied from 250 kHz to 100 mHz. From this data, the diffusion resistance and CuGaO: film

capacitance can be isolated and measured as a function of applied potential and annealing

conditions.
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Figure 2.6 shows a comparison of Nyquist and Bode-Phase plots obtained at an applied
potential of 0 V as a function of annealing conditions. EIS data collected over all applied
potentials and annealing conditions are shown in the Supporting Information. Nyquist plots
display the imaginary (Zim) and real (Zre) components of the frequency dependent total
impedance (Z) while the Bode-Phase plots display the phase angle defined by the expression 6 =
tan"}(Zim/Zre). Multiple arcs can be observed in the Nyquist plots for any given annealing
condition, corresponding with multiple peaks in the Bode-Phase plots. These arcs are indicative
of distinct solid/liquid or solid/solid interfaces within the working electrode such as

CuGaO2/electrolyte and FTO/CuGaO;.
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Figure 2.6: Nyquist (a-b) and Bode-Phase (c-d) plots for CuGaO; films measured in MeCN with 0.1 M
LiClO4. Applied potentials are referenced to ferrocene. Overlaid fits were generated using the equivalent
circuit models shown in Figure 2.7a and Figure A2.7.

EIS data were fit to the equivalent circuit model shown in Figure 2.7a to extract quantitative
values for the interfacial charge transfer resistances and capacitances. This model has been used
previously to describe EIS data collected for mesoporous metal oxides films including CuGaOs..
The model features a transmission line circuit element develop by Bisquert to describe both the
metal oxide/electrolyte interface (Rrim/Crim) and charge diffusion (Rq) as distributed elements
throughout the nanocrystalline film.332* A contact resistance (Reon) Was also included to describe
the resistance for charge transfer across the FTO/CuGaO: interface. The FTO/electrolyte
interface was modeled as a single capacitor in parallel with the CuGaO2/electrolyte interface
since current may be passed through either surface. A series resistor (Rs) and a parallel RoCo
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element were used to account for resistive losses in the external circuit and the interface of the
electrolyte and reference/counter electrodes, respectively. Further details related to this model
are given in the Supporting Information.

All capacitors were modeled as constant phase elements (CPE) to account for non-ideality
using the expression Zcpe = 1/(Q(iw)?) where Q has units of F sP!, o is the angular modulation
frequency (2xf), and B is an ideality factor which ranges from 1 to 0, with 1 representing an ideal
capacitor. Ideality factors from the fitting analysis were found to be Brer = 0.95 + 0.03, Brro =
0.86 + 0.05, and Brim = 0.90 + 0.01. Based on these values, the magnitude of Q was treated
directly as the magnitude of the capacitance for each respective interface. All annealing
conditions were found to fit the equivalent circuit shown in Figure 2.7a except for 100 °C Oa.
This sample was best fit to a simplified model which substituted the transmission line circuit
element with a simple parallel RC circuit to model the CuGaO2/electrolyte interface, Figure

A2.7. Summary tables of fitting constants for all measured data are given in the Supporting

Information.
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Figure 2.7: a) Equivalent circuit model used to fit EIS data. b) Bode-Phase and Nyquist (inset) plots for
200 °C O film for two different applied potentials. The overlaid fits highlight the effect of R4 and Reon ON
the fitting analysis.
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Figure 2.7b shows EIS data for the 200 °C O annealing condition as a function of applied
potential. Overlaid lines represent fits from the equivalent circuit which highlight certain aspects
of the model at different frequency regions. The high frequency feature (>10° Hz) was modeled
by the parallel RoCo circuit element and was found to be invariant from sample to sample with Ro
=124 £ 21 Q and Co = 1.2 + 0.4 nF. The mid frequency feature (10*-10* Hz) was characteristic
of R4, Reon, and Crro. Here, the diffusion resistance Rq was modeled by the stretched tail feature
shown in the Bode-Phase plot and linear region between 200-300 Q in the Nyquist plot at -0.8 V.
As the potential was stepped positive, the magnitude of Rq decreased as shown for the 0.8 V data.
This decrease in consistent with CuGaO: behaving as a p-type material where the density of hole
carriers was increased at more positive potentials, resulting in a smaller diffusion resistance.
Figure 2.8a shows a plot of Rq as a function of applied potential for different annealing
conditions. Overall, the magnitude of Rq was similar across annealing conditions and decreased

from ~100 Q to ~10 Q over a 1.8 V range in applied potential.
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Figure 2.8: a) Diffusional resistance (Rq) and b) CuGaO:/electrolyte interfacial capacitance (Cfiim)
obtained from EIS modeling plotted as a function of applied potential. Capacitances were normalized to
the 1 cm? geometric area of the CuGaO, films.
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The parallel combination of Reon and Crro Yielded a peak feature near 10* Hz in the Bode-
Phase plot of Figure 2.7. This feature was difficult to directly observe when Rq was large but
was more easily identified at positive applied potentials when Rg was smaller. The magnitude of
the contact resistance was constant (Rcon = 23 = 7 Q) and invariant with applied potential for all
annealing conditions except for 100 °C O.. This condition instead showed an extremely large
Rcon > 10,000 Q which varied as a function of applied potential, Figure A2.8. This resistance
resulted in the large peak feature observed in Figure 2.6¢ around 10 Hz. The large Reon Values
were assigned to a combination of incomplete sintering of nanocrystals to the FTO surface and
the remaining presence of PEG inside the film pores. Poor contact at the CuGaO2/FTO interface
for 100 °C O samples was also observed by delamination of the film after extended
electrochemical experiments. The capacitance of the FTO/electrolyte interface was found to be
constant over all samples with Cero = 11 + 4 pF cm, consistent with other estimates from the
literature.?®

Finally, the high frequency range (>10' Hz) was modeled by the CuGaO2/electrolyte interface
represented by the parallel RsimCriim component of the transmission line circuit element. Due to
the fact that no electroactive species were present in solution, Ryim was always greater than 1000
Q, Figure A2.8. A plot of Csim as a function of applied potential for different annealing
conditions is shown in Figure 2.8b. For the 100 °C O film, the capacitance displayed a peaked
feature near 0.1 V vs Fc*°, similar to the quasi-reversible feature observed from cyclic
voltammetry. All other annealing conditions displayed capacitance curves that were nearly
identical to each other, showing a relatively large capacitance (~0.5 mF cm™) at the negative

limit of applied potentials with a nominal increase to ~1.5 mF cm at positive potentials. A small
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peak in the capacitance was reproducibly observed near 0 V, again matching the observations

from CV data.

2.4 Discussion

Delafossite CuGaO2 nanocrystals were synthesized as hexagonal plates ~200 nm wide and
~40 nm thick. This anisotropic morphology is commonly observed for delafossites and is a
consequence of their layered crystal structure.® The large difference in width and thickness
results in stacking of adjacent nanocrystals in the c-direction, as observed by SEM. Dispersion of
nanocrystals into a thin film structure shows an enhancement of this stacking feature, indicating
a preferred orientation of nanocrystals with respect to the FTO substrate. This is supported by
SEM as well as two-dimensional XRD data where diffraction from the (003) and (006) planes
were greatly enhanced upon thin film deposition. Furthermore, integration of the two-
dimensional (006) peak with respect to the y direction shows that nanocrystals were relatively
flat (i.e. parallel with the FTO substrate) with signal intensity peaking at 90°.

It is possible that the polymer present in the film upon deposition could be directing the
orientation of nanocrystals. Incorporation of polymer additives such as PEG, ethyl cellulose, and
terpineol to nanocrystal suspensions is a standard method of controlling particle dispersion and
increasing porosity for a wide range of mesoporous metal oxide films.>"*:3" However, based on
the morphology of CuGaO: nanocrystals and the SEM images of powder samples which also
show particle stacking, we believe the high orientation within thin films to be mostly controlled
by the nanocrystalline dimensions. Indeed, other studies of CuGaO; films in the literature have
also suggested oriented stacking from SEM*%?, yet here we show this behavior more clearly via

two-dimensional powder XRD measurements.
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The electrochemistry of CuGaO: films can reveal a great deal of information about its
capacitance and conductivity. These two terms are important in the context of solar energy
conversion as CuGaO, is used as a hole transport layer in many solar cell
architectures, 1267101114 The capacitance of the film in the region of the valence band is
indicative of its ability to accept photogenerated holes while the conductivity is a measure of
how quickly those holes may be transported to the external circuit. Capacitance measurements
can also yield information about defect states present at the surface of CuGaO2 nanocrystals.

In the present data, CV experiments revealed a quasi-reversible redox feature at 0.1 V vs Fc*’°
which was supported by a capacitance peak near 0 V obtained from EIS data. A similar quasi-
reversible feature in the range of 0 to 0.4 V vs SCE (-0.39 to 0.01 V vs Fc*) has been observed
for CuO supercapacitors and has been assigned to a Cu'’/Cu' redox couple involving surface
hydroxides.?*! We believe the quasi-reversible feature observed here for CuGaO electrodes is
also due to a Cu'"/Cu' redox couple facilitated by Cu" surface defects in contact with hydroxides
at the nanocrystal surface. The presence of such defects is supported by XPS measurements
where the largest fraction of Cu' surface defects observed for annealed CuGaO: films was for
the 100 °C O condition. This condition also showed the most prominent quasi-reversible feature
in CV measurements.

The conductivity of CuGaO: films could be estimated from the diffusion resistance (Rd)
measured by EIS using the expression ¢ = L/(RgA(1-p)) where o is conductivity (Q* cm™), L is
the film thickness (cm), A is the geometric area of the film (cm?), and p is porosity.?>% Figure
8a shows conductivities calculated using L = 4 x 10 cm, A = 1 cm?, and the basic assumption of
p = 0.5. The magnitude of conductivities for all samples (excluding 100 °C O) generally fell

around 10° Q! cm™ and showed a mild increase as the applied potential was shifted in a positive
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direction over a 1.8 V window. These data are in contrast with a study by Giménez which
showed that the conductivity of CuGaO: films measured by EIS methods can be controlled with
Mg-doping.?® This method increases the density of holes (nh+) and improves the conductivity
according to the expression 6 = qnnh+Un+ Where q is the elementary charge and pn+ is the effective
hole mobility through the mesoporous film. Mg-doped(1%) CuGaO. exhibited changes in
conductivity over an order of magnitude from 10 to 10° Q* cm™ within a 1 V range of applied
potentials whereas undoped CuGaO- displayed values in the range of 107 to 10° Q! cm™. Large
changes in conductivity with applied potential is a clear indication of electrochemical oxidation
of valence band states thus also increasing nn+. In the present study, the increase in conductivity
with positive applied potentials is consistent with CuGaO: being a p-type material, however, the
small change in magnitude over a wide voltage range suggests that a large density of holes is
already present within the oxide, thus limiting its capacity to increase nn+ further.

Hsu has also shown that chemical oxidation of CuGaO: films in the presence of UV/Ozone
can result in higher nn+ and thus higher ¢.! Here, the difference in conductivity between O, and
Ar annealing steps also suggests that the hole density can be marginally affected by annealing
conditions. XPS data shows a small reduction in the ratio of Cu':Cu' peaks under Ar and in
general, films annealed under O, are slightly more conductive than films annealed under the
second Ar step. However, the effect is again relatively small with conductivity only changing by
a factor of 3 for the 300 °C O films measured at -0.4 V.

The high conductivity of CuGaO: films may also be aided by the preferred orientation of the
nanocrystals on the FTO substrate. Stacking of nanocrystals could improve the degree of
interparticle contacts, especially in such anisotropic structures, and lead to a reduction of carrier

scattering at CuGaO2/CuGaO: interfaces. This affect has been observed previously for mesoscale
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NiO nanocrystals that also adopt hexagonal nanoplate structures.®® Delafossites are known to
possess large hole mobilities, however, mobility in the [100] and [010] directions (i.e. the copper
plane) is much faster than in the [001] direction.?* The orientation of nanocrystals in the CuGaO;
film indicates that charge diffusion must occur in the [001] direction to be measured by the
external circuit. Therefore, particle stacking may be helping to improve the effective hole
mobility in this direction.

The origin of a large hole density in the present study is believed to be due to the presence of
copper vacancies (Vcy) and/or interstitial oxygen atoms (Oj) in the delafossite lattice.3*4° When
copper vacancies are present, a hole must be introduced to compensate charge. Most likely, this
hole takes the form of a Cu'' atom in the lattice. EDS results for CuGaO- films studied here
revealed a copper deficiency on the order of 4 £ 2% overall while XPS results showed this
deficiency to be on the order of 48 + 8% at the surface. Copper vacancies have been observed
previously in Mg-doped CuGaO: and have been estimated to have a low energy of formation for
the delafossite structure based on theoretical calculations.?!

Interstitial oxygen atoms in the delafossite lattice could also play a role in p-type conductivity.
Defects of this type are most prominent when the M'" atom is larger than Sc'' while smaller
cations such as Al"" limit their formation due to a small a-lattice parameter.3°42-%5 Unique phases
incorporating interstitial oxygens have even been observed in the case of CuLaO26s and other
lanthanides. The mild dependence of conductivity on Oz annealing environment suggests that O;
defects may be present in CuGaO, however, a larger change in conductivity would be expected
if they were the main defect type. Determining the percentage of such defects is also difficult due
to the known presence of OHsurf and H2Osurf molecules which cloud the exact determination of

oxygen content in the lattice via XPS.
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Assuming only copper vacancies contribute to the density of holes, we can estimate np+ ~ 102
cm™ based on the 4 % estimate for Vcy, the density of copper atoms in CuGaO,, and assuming a
1:1 Vcu:h™ ratio. This value is on the order of electron densities found in n-type transparent
conductive oxides such as Sn:In,0s (ITO) and F:SnO; (FTO).*® Indeed, copper delafossites such
as CuAlO, and CuGaO, have been touted as p-type transparent conductive oxides
themselves.?24748 Given the large hole density induced by copper vacancies, it is likely that the
Fermi level of the present CuGaO: films is pinned with respect to the valence band edge. The
flat-band potential (Em) of CuGaO- has been measured by Jobic and Odobel at 0.49 V vs SCE in
water with 0.1 M LiClO4.% Conversion of this value to the ferrocene reference in MeCN vyields
Em = 0.10 V vs Fc*0.% If the initial hole density were small, the capacitance of CuGaO films
would be expected to be large for E > 0.1 V and very small at E < 0.1 V (i.e. in the band gap).
The present data instead shows a nearly uniform capacitance across all measured potentials as
seen in both CV and EIS data. The capacitance at E < 0.1 V was also significant with Csiim ~ 0.5
mF cm. These data collectively point to a material which is more metallic than semiconductive
with behavior that is similar to that of mesoporous transparent conductive oxides.

The origin of copper vacancies in CuGaO2 nanocrystals is believed to be related to the
synthetic conditions for their preparation. Multiple studies have shown that solution pH is one of
the largest factors controlling the growth of CuGaO: nanocrystals. Reactions performed near the
isoelectric point of pH 6.7 have been shown to make micron sized particles with smaller particles
being produced at slightly acidic or basic conditions.?” Here, we have used a pH 9 solution to
synthesize our nanocrystals. Basic conditions are also known to produce CuO and Cu.O side
products which must be removed by washing with NH4OH.8° The production of copper oxide

side products in the synthesis could certainly account for a deficiency of copper atoms in
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CuGa0». The NH4OH washing step may also be responsible for inducing copper vacancies post-
synthesis by leaching copper atoms from edge sites of the nanocrystals. Studies investigating the
dependence of copper vacancies on synthetic procedure are currently underway in our
laboratory.

In the context of solar-to-electrical and solar-to-fuel energy conversion strategies, CuGaO:
represents one of only a handful of p-type metal oxides able to serve as hole transport layers.**
It is therefore critical to further understand its band structure, density of defect states, and hole
diffusion for the successful development of these technologies. Understanding the energy and
density of valence band states can better direct the synthesis of light absorbing molecules to
achieve higher injection yields of photogenerated holes while understanding the exact nature of
defect states in these materials can help decipher the effect they may have on electron-hole
recombination at the CuGaOg/solution interface or their role in hole transport through the
material. Copper vacancies observed here was found to enhance the conductivity of CuGaO:
films, however, they are also expected to act as recombination centers for photogenerated holes
and electron donors, thus limiting solar energy conversion efficiency. For example, nickel
vacancies in p-type NiO also display quasi-reversible redox features and passivation of these
defects has led to improved device performance.®* Passivation of copper vacancies in CuGaO:
may offer a means of achieving large hole conductivities without surface recombination.
Likewise, the synthesis of smaller, isotropic CuGaO> nanocrystals that do not preferentially stack

could remove the need for large hole densities by taking advantage of faster hole diffusion

through Cu' layers.
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2.5 Conclusions

In this chapter the evidence for copper vacancies and Cu' surface defects in CuGaO:
nanocrystals was described. The density of holes induced by copper vacancies is estimated as an
upper limit of nh+ ~ 10?2 cm3, The impact of this high concentration of holes is manifested by
large conductivites for hole diffusion measured by electrochemical impedance spectroscopy and
the presence of Cu'' surface defects measured by x-ray photoelectron spectroscopy and cyclic
voltammetry. Applications of CuGaO2 nanocrystals as hole transport layers in a wide range of
solar energy conversion strategies, including both solar-to-electrical and solar-to-fuel, is
predicated on the ability to control this hole density. The origin of copper vacancies in the
present study is proposed to be due to the basic pH conditions for the synthesis of CuGaO:
nanocrystals which suggests the possibility of tuning the density of holes based on the synthetic
conditions. Further understanding of the impact of synthesis and annealing on the hole density is

described in Chapter 3.
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2.6 Appendix

Table A2.1. EDS Measurements

Atomic%

Annealing @) Cu Ga Cu/Ga Ratio
Condition

100°C O2 59.3+t1.4 | 19.9+0.7 | 20.8+0.7 0.96+0.05
200°C O, 49.9+0.2 | 24.3£0.1 | 25.72+0.3 0.95+0.01
300°C O» 49.0£0.5 | 24.9+0.3 | 25.8+0.3 0.97+0.02
100°C Oz/Ar 49.3+0.3 | 25.1+0.4 | 25.9+0.1 0.97+0.02
200°C Oq/Ar 49.0£0.4 | 24.840.1 | 26.13£0.3 0.95+0.01
300°C O2/Ar 48.8£0.3 | 25.2+0.4 | 26.3%£0.2 0.96+0.02
All Samples? 49.2+0.5 | 24.9+0.4 | 26.0+0.3 0.96+0.02

aAll samples excluding 100°C O; because values are skewed by the presence of

polymer in the sample

Intensity / a.u.
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——FTO
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T N T
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Figure A2.1: Powder XRD at 500 °C showing formation of CuGa,QO4 spinel (*peaks)
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Figure A2.2. FTIR spectra of a) CuGaO films annealed under O» from 50-200 °C and b)
CuGaO: films annealed at 100°C under O, and with a subsequent Ar step.
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Figure A2.3. a) UV-Vis-NIR transmittance (T) and reflectance (R) data collected for CuGaO-
films annealed at 200 °C/O, and b) 200 °C/O> followed by 500 °C/Ar. ¢) Kubelka-Munk plot
calculated from reflectance data.
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Figure A2.4. XPS of Ga2ps. peak over all annealing conditions
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Figure A2.5. XPS of a) Cu 2ps;2 and b) O 1s peaks for Ar annealed films
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EIS Fitting Analysis

Analysis of EIS data was achieved by fitting with the equivalent circuit model shown in Figure
2.7a and Figures A2.7. Equations for the impedance of particular circuit elements are presented
below. All data and fitting constants are presented thereafter as figures and tables.

Resistors Capacitors (Constant Phase Elements)
1
=k ZePE = Gha)E
Transmission Line
1/2
RdeI'Im 1/2
Zrp = coth|(Rsim /R4 1 4 Rripr Crip (i) P
Tt (l-l—RfﬂmCrﬂm(im)ﬁ [( f”m/ d)( Film f[.tm( ) ) ]
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Figure A2.8: a) Rcon measurements of films at each annealing condition and b) Rfim
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Table A2.2: Impedance fit for 100°C O, Annealed Film?

Potential | Rs Ro Co Bo Reon Rfilm Ciilm Bfiim | Cero Brto
-0.9 1 1.00 | 129.60 | 1.03E-09 | 0.99 | 2.01E+05 | 8.45E+03 | 2.00E-05 | 0.90 J 2.41E-05 | 0.95
-0.8 1 1.00 | 129.60 | 1.03E-09 | 0.99 | 1.25E+07 | 1.55E+04 | 2.00E-05 | 0.90 J 2.23E-05 | 0.92
-0.7]11.00 | 129.60 | 1.03E-09 | 0.99 | 2.24E+06 ] 3.74E+04 | 2.00E-05 | 1.00 J 2.09E-05 | 0.92
-0.6 | 1.00 | 129.60 | 1.03E-09 | 0.99 | 5.63E+05 | 4.26E+05 | 7.24E-05 | 1.00 J 1.95E-05 | 0.93
-0.5] 1.00 | 129.60 | 1.03E-09 | 0.99 | 3.26E+05 | 4.51E+05 | 2.87E-06 | 1.00 ] 1.65E-05 | 0.94
-0.4 1 1.00 | 129.60 | 1.03E-09 | 0.99 | 2.10E+05 | 4.98E+05 | 3.23E-06 | 1.00 ] 1.46E-05 | 0.96
-0.3 1 1.00 | 129.60 | 1.03E-09 | 0.99 | 2.22E+05 | 3.27E+05 | 6.18E-06 | 1.00 ] 1.47E-05 | 0.94
-0.2]11.00 | 129.60 | 1.03E-09 | 0.99 | 1.12E+05 ] 1.46E+05 | 1.64E-05 | 1.00 | 1.51E-05 | 0.92
-0.1]1.00 | 129.60 | 1.03E-09 | 0.99 | 5.24E+04 ] 7.67E+04 | 4.35E-05 | 0.85 ] 1.42E-05 | 0.92

01100 129.60 | 1.03E-09 | 0.99 | 4.37E+04 | 5.36E+04 | 1.87E-04 | 0.85] 1.34E-05 | 0.93
0.1]1.00] 129.60 | 1.03E-09 | 0.99 | 4.06E+04 | 3.00E+03 | 4.50E-04 | 0.85 ] 1.27E-05 | 0.93
0.2]11.00 ] 129.60 | 1.03E-09 | 0.99 | 4.03E+04 | 3.13E+03 | 2.75E-04 | 1.00 J 1.26E-05 | 0.91
0.3]11.00 ] 129.60 | 1.03E-09 | 0.99 | 3.68E+04 | 6.64E+03 | 1.67E-04 | 1.00 J 1.22E-05 | 0.90
041100 129.60 | 1.03E-09 | 0.99 | 3.32E+04 | 2.15E+04 | 7.15E-05 | 0.79 ] 1.09E-05 | 0.92
051100 ] 129.60 | 1.03E-09 | 0.99 | 4.27E+04 | 3.89E+04 | 5.51E-05 | 0.80 ] 1.11E-05| 091
0.6]1.00 | 129.60 | 1.03E-09 | 0.99 | 6.07E+04 ] 6.38E+04 | 3.31E-05 | 1.00 J 1.06E-05 | 0.91
0.7]11.00 | 129.60 | 1.03E-09 | 0.99 ] 5.00E+04 | 7.00E+04 | 1.06E-05 | 0.90 ] 8.74E-06 | 0.95
0.811.00 | 129.60 | 1.03E-09 | 0.99 ] 9.33E+04 | 5.55E+04 | 3.59E-05 | 0.78 ] 1.04E-05 | 091
091100 129.60 | 1.03E-09 | 0.99 | 3.93E+04 | 2.83E+04 | 3.04E-05 | 0.63 ] 9.05E-06 | 0.95

1]11.00 | 129.60 | 1.03E-09 | 0.99 | 1.25E+04 | 3.42E+03 | 2.63E-04 | 0.74 ] 9.33E-06 | 0.95
1.1]11.00 | 129.60 | 1.03E-09 | 0.99 ] 2.36E+03 | 3.26E+02 | 3.89E-03 | 0.80 J 1.01E-05 | 0.94

This data set fit with impedance model shown in Figure A2.7; Units- Rs, Ro, Reon, Rfilm ()
Co, Cfiim, Crro (F)
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Table A2.3: Impedance fit for 100°C O, / 500°C Ar Annealed Film?

Potential | Rs | Ro Co Bo ] Reon ] Ro Rfilm Cilm Biim | Crro Brro
-0.9] 221 | 132.30 | 5.85E-10 | 0.96 | 15.92 | 113.40 | 1.59E+04 | 6.83E-04 | 0.93 | 2.85E-06 | 0.98
-0.8 ) 1.77 | 133.40 | 2.00E-09 | 0.95 | 19.17 | 84.42 | 4.28E+04 | 5.87E-04 | 0.94 | 8.15E-06 | 0.89
-0.7 | 1.67 | 133.40 | 1.94E-09 | 0.95 | 20.04 | 76.55 | 6.59E+04 | 5.65E-04 | 0.95 | 9.86E-06 | 0.87
-0.6 ] 1.62 | 133.40 | 1.98E-09 | 0.95 ] 20.02 | 72.42 6.69E+04 | 5.73E-04 | 0.95 | 9.54E-06 | 0.87
-0.511.10 | 133.50 | 1.61E-09 | 0.96 | 20.26 | 69.98 | 6.43E+04 | 5.96E-04 | 0.94 | 1.04E-05 | 0.85
-0.4 1097 | 133.40 | 1.55E-09 | 0.96 | 20.39 | 65.26 | 5.67E+04 | 6.42E-04 | 0.94 | 1.10E-05 | 0.84
-0.3 1 0.96 | 133.40 | 1.55E-09 | 0.96 | 20.08 | 62.87 | 4.20E+04 | 7.10E-04 | 0.93 | 1.12E-05 | 0.84
-0.2 1096 | 13340 | 1.47E-09 | 0.97 | 19.68 | 61.37 | 3.04E+04 | 7.91E-04 | 0.92 | 1.05E-05 | 0.84
-0.1 1 0.87 | 133.50 | 1.44E-09 | 0.97 | 19.11 | 61.45 | 2.19E+04 | 8.58E-04 | 0.92 | 9.03E-06 | 0.85

0]0.79 | 133.50 | 1.44E-09 | 0.97 | 18.82 ] 59.02 1.59E+04 | 8.92E-04 | 0.92 | 9.13E-06 | 0.85
0.1 0.80 | 133.40 | 1.49E-09 | 0.97 | 18.9 | 52.74 | 1.44E+04 | 9.04E-04 | 0.92 | 8.94E-06 | 0.84
0.2 1054 | 133,50 | 1.46E-09 | 0.97 ] 19.3 | 47.83 1.74E+04 | 9.05E-04 | 0.92 | 9.55E-06 | 0.83
0.3]1.15 | 132.60 | 1.19E-09 | 0.98 ] 18.63 § 50.00 1.98E+04 | 9.09E-04 | 0.92 | 7.31E-06 | 0.85
0.4 0.89 | 133.20 | 1.49E-09 | 0.97 | 17.57 | 48.88 | 2.09E+04 | 9.27E-04 | 0.93 | 5.56E-06 | 0.88
05]10.70 | 133.30 | 1.54E-09 | 0.96 ] 17.18 | 46.90 1.97E+04 | 9.58E-04 | 0.93 | 5.55E-06 | 0.88
0.6 § 091 ] 133.10 | 1.55E-09 | 0.96 | 16.87 | 43.30 | 1.55E+04 | 1.02E-03 | 0.92 | 4.95E-06 | 0.89
0.71093 | 13290 | 1.57E-09 | 0.96 | 17.57 | 35.39 | 6.74E+03 | 1.12E-03 | 0.91 | 6.60E-06 | 0.86
0.8 0.40 | 133.20 | 2.02E-09 | 0.86 | 18.99 | 23.56 | 8.88E+02 | 1.20E-03 | 0.89 | 1.07E-05 | 0.81
09103113290 | 1.87E-09 | 0.86 | 21.34 | 6.32 8.76E+02 | 1.27E-03 | 0.85 | 1.40E-05 | 0.78

11054 | 133.10 | 1.83E-09 | 0.87 ] 20.13 ] 0.55 1.06E+03 | 1.33E-03 | 0.81 ] 7.22E-06 | 0.83
1.1 § 150 | 13260 | 1.13E-09 | 0.91 | 19.02 | 3.18 1.27E+03 | 1.40E-03 | 0.79 | 3.49E-06 | 0.90

This data set fit with impedance model shown in Figure 2.7a; Units- RS, Ro, Rcon, Rd, Rfiim ()
Co, Ctiim, Crro (F)
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Table A2.4: Impedance fit for 200°C O, Annealed Film?

Potential

Rs

Ro

Co

Bo

Rcon

Rp

Rfilm

Cfilm

Brilm

Cr10

Brro

-0.9

1.00

125.00

3.81E-09

0.90

1.13E+03

3.07E+04

3.36E+04

5.59E-05

1.00

1.78E-05

0.86

-0.8

1.00

125.00

3.81E-09

0.90

7.67E+03

4.84E+04

3.90E+04

6.58E-05

1.00

2.29E-05

0.85

-0.7

1.00

125.00

3.81E-09

0.90

9.70E+03

5.08E+04

3.90E+04

7.73E-05

1.00

2.49E-05

0.84

-0.6

1.00

125.00

3.81E-09

0.90

8.73E+03

4.41E+04

3.52E+04

9.75E-05

1.00

2.87E-05

0.82

-0.5

1.00

125.00

3.81E-09

0.90

6.86E+03

3.47E+04

2.94E+04

1.17E-04

1.00

3.59E-05

0.78

-0.4

1.00

125.00

3.81E-09

0.90

5.34E+03

2.67E+04

2.32E+04

1.40E-04

1.00

4.59E-05

0.75

-0.3

1.00

125.00

3.81E-09

0.90

4.10E+03

2.08E+04

1.77E+04

1.76E-04

1.00

5.65E-05

0.72

-0.2

1.00

125.00

3.81E-09

0.90

3.08E+03

1.53E+04

1.29E+04

2.24E-04

1.00

6.52E-05

0.70

-0.1

1.00

125.00

3.81E-09

0.90

2.15E+03

1.13E+04

9.00E+03

2.99E-04

1.00

6.62E-05

0.70

0

1.00

125.00

3.81E-09

0.90

1.74E+03

8.52E+03

6.21E+03

3.85E-04

1.00

6.62E-05

0.69

0.1

1.00

125.00

3.81E-09

0.90

1.43E+03

6.81E+03

4.73E+03

5.32E-04

1.00

6.05E-05

0.70

0.2

1.00

125.00

3.81E-09

0.90

1.25E+03

5.65E+03

4.02E+03

7.94E-04

1.00

5.70E-05

0.70

0.3

1.00

125.00

3.81E-09

0.90

9.98E+02

4.66E+03

5.81E+03

1.27E-03

0.94

5.01E-05

0.71

0.4

1.00

125.00

3.81E-09

0.90

7.78E+02

2.87E+03

1.14E+04

1.52E-03

0.92

4.07E-05

0.74

0.5

1.00

125.00

3.81E-09

0.90

6.14E+02

1.68E+03

1.13E+04

1.67E-03

0.94

3.16E-05

0.77

0.6

1.00

125.00

2.49E-09

0.90

4.93E+02

1.03E+03

7.37E+03

1.80E-03

0.93

2.36E-05

0.80

0.7

1.00

125.00

1.89E-09

0.90

4.29E+02

6.95E+02

3.17E+03

1.95E-03

0.92

1.90E-05

0.82

0.8

1.00

125.00

1.33E-09

0.90

4.23E+02

6.16E+02

9.61E+02

2.17E-03

1.00

1.79E-05

0.83

0.9

1.00

125.00

1.28E-09

0.90

4.61E+02

6.86E+02

5.71E+02

2.11E-03

1.00

1.76E-05

0.83

1

1.00

125.00

1.28E-09

0.90

5.62E+02

7.67E+02

4.70E+02

2.17E-03

1.00

1.87E-05

0.82

1.1

1.00

125.00

1.28E-09

0.90

6.28E+02

8.57E+02

4.02E+02

2.53E-03

0.96

1.99E-05

0.81

This data set fit with impedance model shown in Figure 2.7a; Units- RS, Ro, Rcon, Rd, Rfiim ()
Co, Ctiim, Crro (F)
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Table A2.5: Impedance fit for 200°C O / 500°C Ar Annealed Film?

Potential | Rs Ro Co Bo I Rwn | Ro Riilm Cilm Btim | Crro BrTo
-0.9152.71 | 104.20 | 1.58E-07 | 0.61 | 47.27 | 283.2 | 1.48E+04 | 8.27E-04 | 0.92 | 3.55E-05 | 0.74
-0.8 |1 55.39 | 101.50 | 1.48E-08 | 0.85 | 47.21 ] 304.1 | 5.86E+04 | 6.33E-04 | 0.93 | 2.84E-05 | 0.76
-0.7 | 49.84 | 107.00 | 9.46E-09 | 0.87 | 49.02 | 255 3.50E+05 | 5.17E-04 | 0.94 | 3.13E-05 | 0.75
-0.6 | 61.34 | 95.11 8.14E-09 | 0.90 | 46.75 | 220.7 | 3.12E+05 | 4.91E-04 | 0.95 ] 2.89E-05 | 0.75
-0.5150.25 | 106.30 | 1.16E-08 | 0.86 | 44.81 | 181.6 | 4.84E+05 | 5.08E-04 | 0.95 | 2.80E-05 | 0.75
-0.4 | 57.92 | 98.26 8.35E-09 | 0.90 | 42.37 | 149.1 | 3.04E+05 | 5.49E-04 | 0.95 ] 2.30E-05 | 0.76
-0.3 | 65.35 | 92.56 1.96E-08 | 0.85 | 36 131.3 | 8.86E+04 | 6.18E-04 | 0.94 | 1.43E-05 | 0.81
-0.2 | 63.43 | 92.25 7.45E-09 | 0.91 § 37.62 ] 111.9 | 8.14E+04 | 6.94E-04 | 0.93 | 2.73E-05 | 0.73
-0.1§71.14 | 84.33 4,47E-09 | 0.96 | 33.09 | 103.8 | 3.06E+04 | 8.12E-04 | 0.91 | 1.28E-05 | 0.79

0] 66.85 | 89.32 4.54E-09 | 0.95 ] 30.95 ] 94.75 | 1.33E+04 | 8.99E-04 | 0.90 ] 1.14E-05 | 0.80
0.1 71.29 | 85.58 2.58E-09 | 0.99 | 29.82 | 83.94 | 1.83E+04 | 9.80E-04 | 0.88 §J 1.10E-05 | 0.80
0.2 ] 62.03 | 93.92 2.41E-09 | 0.98 | 29.58 | 79.65 | 2.81E+04 | 9.93E-04 | 0.89 | 1.41E-05 | 0.76
0.3] 67.66 | 87.73 5.55E-09 | 0.94 | 26.3 79.51 | 2.90E+04 | 1.03E-03 | 0.89 | 8.76E-06 | 0.81
0417112 | 81.68 2.61E-09 | 1.00 § 28.41 ] 75.11 | 2.99E+04 | 1.05E-03 | 0.89 § 1.14E-05 | 0.76
0.5 70.65 | 82.28 2.60E-09 | 1.00 § 27.27 | 75.55 | 1.93E+04 | 1.07E-03 | 0.90 | 8.78E-06 | 0.78
0.6 | 71.28 | 81.70 2.67E-09 | 1.00 § 27.03 ] 74.39 | 1.11E+04 | 1.09E-03 | 0.90 § 7.01E-06 | 0.80
0.7 1 70.00 | 83.14 2.66E-09 | 1.00 § 27.55 ] 68.74 | 5.33E+03 | 1.16E-03 | 0.89 | 6.13E-06 | 0.82
0.8 71.32 | 82.82 3.06E-09 | 0.90 § 28.85 | 56.59 | 9.62E+02 | 1.22E-03 | 0.87 | 7.72E-06 | 0.81
0917212 | 81.96 4.33E-09 | 0.88 | 31.94 | 40.88 | 7.34E+02 | 1.27E-03 | 0.84 | 1.04E-05 | 0.78

1]176.26 | 77.99 4.06E-09 | 0.89 | 34.22 | 33.49 | 7.97E+02 | 1.28E-03 | 0.81 ] 1.07E-05 | 0.78
1.1§80.24 | 73.81 5.45E-09 | 0.88 | 36.74 | 29.06 | 8.42E+02 | 1.37E-03 | 0.78 | 1.26E-05 | 0.77

This data set fit with impedance model shown in Figure 2.7a; Units- RS, Ro, Rcon, Rd, Rfiim ()
Co, Ctiim, Crro (F)
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Table A2.6: Impedance fit for 300°C O, Annealed Film?

Potential | Rs Ro Co Bo I Rwn | RD Riilm Cilm Btim | Crro BrTo
-0.9]0.02 118.70 | 4.25E-10 | 0.96 | 21.79 ] 124.80 | 1.28E+04 | 7.31E-04 | 0.92 | 7.67E-06 | 0.91
-0.8 1 0.12 119.30 | 1.83E-09 | 0.94 | 25.14 | 69.40 3.61E+04 | 6.24E-04 | 0.93 | 1.17E-05 | 0.88
-0.7 § 0.25 119.10 | 1.78E-09 | 0.94 | 24.12 | 62.12 5.38E+04 | 5.99E-04 | 0.94 | 1.12E-05 | 0.88
-0.6 | 0.38 118.90 | 1.64E-09 | 0.95 | 23.16 | 54.80 5.31E+04 | 6.14E-04 | 0.94 | 1.01E-05 | 0.89
-0.5]0.91 118.00 | 1.25E-09 | 0.97 | 23.09 | 50.25 4.81E+04 | 6.50E-04 | 0.93 | 1.15E-05 | 0.87
-0.4 1 1.01 117.80 | 1.19E-09 | 0.97 | 22.45 | 48.41 3.95E+04 | 7.13E-04 | 0.93 | 1.14E-05 | 0.86
-0.314.10 114.80 | 1.45E-09 | 0.96 | 21.65 | 48.44 2.91E+04 | 8.03E-04 | 0.92 | 1.03E-05 | 0.87
-0.2 | 1.86 117.00 | 1.23E-09 | 0.97 | 21.26 | 49.14 2.10E+04 | 9.00E-04 | 0.91 | 8.89E-06 | 0.88
-0.1 1 4.02 114.90 | 1.26E-09 | 0.97 | 21.47 | 49.83 1.38E+04 | 9.69E-04 | 0.91 | 8.96E-06 | 0.87

0]6.42 112.40 | 1.26E-09 | 0.98 | 21.99 | 46.68 8.97E+03 | 9.81E-04 | 0.91 | 9.65E-06 | 0.86
01]7.34 111.60 | 1.45E-09 | 0.97 | 22.33 | 41.65 9.98E+03 | 9.70E-04 | 0.91 | 1.08E-05 | 0.86
0.2]6.24 112.70 | 1.48E-09 | 0.97 | 22.15 | 39.28 1.31E+04 | 9.55E-04 | 0.91 | 1.15E-05 | 0.85
0.3 ] 6.06 112.80 | 1.48E-09 | 0.97 | 22.00 | 39.87 1.37E+04 | 9.47E-04 | 0.91 | 1.12E-05 | 0.85
041]7.28 111.60 | 1.53E-09 | 0.97 | 21.91 | 39.47 1.45E+04 | 9.58E-04 | 0.92 | 1.10E-05 | 0.85
0.5]9.13 109.70 | 1.54E-09 | 0.97 | 21.95 | 39.23 1.54E+04 | 9.88E-04 | 0.92 | 1.10E-05 | 0.85
0.6 ] 13.48 | 105.20 | 1.42E-09 | 0.98 | 21.99 | 39.35 1.30E+04 | 1.04E-03 | 0.91 ] 1.09E-05 | 0.85
0.7 | 15.56 | 103.20 | 8.26E-09 | 0.82 | 22.82 | 34.07 7.25E+03 | 1.13E-03 | 0.90 | 1.84E-05 | 0.79
0.8]8.74 109.10 | 6.63E-10 | 0.94 | 23.72 | 31.11 1.88E+03 | 1.24E-03 | 0.89 | 2.14E-05 | 0.77
0.9 0.40 118.70 | 4.46E-09 | 0.80 | 21.87 | 21.51 1.28E+03 | 1.28E-03 | 0.86 | 1.21E-05 | 0.85

11197 116.00 | 1.18E-09 | 0.89 | 21.57 | 14.07 1.25E+03 | 1.31E-03 | 0.82 | 1.00E-05 | 0.85
1.1 1 0.00 117.50 | 2.98E-10 | 0.99 | 22.08 | 14.21 1.16E+03 | 1.44E-03 | 0.81 | 1.06E-05 | 0.85

This data set fit with impedance model shown in Figure 2.7a; Units- RS, Ro, Rcon, Rd, Rfiim (€2)
Co, Ctiim, Crro (F)
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Table A2.7: Impedance fit for 300°C O / 500°C Ar Annealed Film?

Potential | Rs | Ro Co Bo I Rwn | Ro Riilm Cilm Btim | Crro BrTo
-0.911.47 | 117.30 | 3.14E-10 | 0.98 | 21.46 | 125.60 | 1.28E+04 | 7.33E-04 | 0.92 | 6.67E-06 | 0.92
-0.8 1 1.51 | 124.00 | 1.54E-09 | 0.96 | 17.52 | 183.90 | 3.66E+04 | 5.96E-04 | 0.93 | 7.43E-06 | 0.89
-0.7 1 1.61 | 124.00 | 1.56E-09 | 0.96 | 16.01 | 204.60 | 5.16E+04 | 5.64E-04 | 0.94 | 4.57E-06 | 0.93
-0.6 1 0.75 | 124.80 | 1.67E-09 | 0.95 § 19.07 | 156.00 | 4.95E+04 | 5.61E-04 | 0.94 | 1.04E-05 | 0.85
-0.513.00 | 123.10 | 2.35E-09 | 0.93 § 17.96 | 150.60 | 5.36E+04 | 5.84E-04 | 0.94 | 7.68E-06 | 0.89
-0.414.65 | 121.20 | 2.14E-09 | 0.94 | 18.94 | 135.30 | 5.73E+04 | 6.21E-04 | 0.94 | 1.01E-05 | 0.86
-0.315.28 | 120.70 | 2.66E-09 | 0.92 | 18.96 | 123.30 | 4.34E+04 | 6.87E-04 | 0.93 | 1.15E-05 | 0.85
-0.2 | 2.15 | 123.50 | 2.04E-09 | 0.94 | 18.82 | 114.10 | 2.92E+04 | 7.71E-04 | 0.92 | 1.22E-05 | 0.84
-0.111.83 | 124.00 | 2.50E-09 | 0.92 § 17.54 | 106.50 | 1.60E+04 | 8.51E-04 | 0.92 | 1.00E-05 | 0.85

0124 | 124.40 | 2.09E-09 | 0.94 | 17.16 | 91.85 6.76E+03 | 8.93E-04 | 0.91 | 1.09E-05 | 0.84
0.1]15.96 | 120.00 | 2.77E-09 | 0.92 | 18.00 § 75.00 3.24E+03 | 9.00E-04 | 0.92 | 1.00E-05 | 0.85
0.211.77 | 123.00 | 1.09E-09 | 0.98 | 16.90 | 60.99 1.03E+04 | 9.55E-04 | 0.88 | 1.00E-05 | 0.83
0.3]10.10 | 124.60 | 1.12E-09 | 0.98 | 15.71 | 66.12 1.57E+04 | 9.31E-04 | 0.91 | 1.01E-05 | 0.83
0.4]10.56 | 123.60 | 8.64E-10 | 0.99 | 14.77 | 63.39 1.70E+04 | 9.50E-04 | 0.91 | 1.00E-05 | 0.82
0.51]12.79 | 122.00 | 1.08E-09 | 0.98 | 11.90 | 62.64 1.72E+04 | 9.80E-04 | 0.92 | 3.08E-06 | 0.92
0.6] 194 | 123.00 | 1.15E-09 | 0.98 | 10.61 | 60.80 1.55E+04 | 1.03E-03 | 0.92 | 1.84E-06 | 0.97
0.7 ] 2.50 | 122.50 | 1.27E-09 | 0.97 | 10.03 | 55.11 7.88E+03 | 1.14E-03 | 0.91 | 1.41E-06 | 0.99
0.8]2.45 | 122.40 | 1.31E-09 | 0.89 | 10.29 | 45.84 1.02E+03 | 1.26E-03 | 0.89 | 1.74E-06 | 0.97
0.91]13.54 | 120.60 | 5.20E-10 | 0.95 | 12.18 | 25.99 8.72E+02 | 1.31E-03 | 0.84 | 4.47E-06 | 0.88

11344 | 121.10 | 9.74E-10 | 0.91 | 12.30 | 7.66 9.84E+02 | 1.44E-03 | 0.76 | 3.58E-06 | 0.91
1.1§1.17 | 123.30 | 8.27E-10 | 0.92 | 12.24 | 14.20 8.86E+02 | 1.51E-03 | 0.77 | 3.97E-06 | 0.89

This data set fit with impedance model shown in Figure 2.7a; Units- RS, Ro, Rcon, Rd, Rfiim (€2)
Co, Ctiim, Crro (F)
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Influence of Synthesis pH and Post-Synct:rkl];[Fi)cfir?nealing on the Hole Density of CuGaO:
Mesoporous Films

3.1 Introduction

The development of heterojunction solar cell devices, which separate the fundamental
processes of light absorption and charge transport to convert sunlight to electricity, have emerged
as an attractive alternative to traditional Si-based photovoltaics.® This is due to the cheaper and
more earth abundant components, such as transition metal oxides, metal chalcogenides,
polymers, and small molecules that can be used for light absorption and charge transport. The
most studied heterojunction devices include dye-sensitized solar cells (DSSCs), perovskite solar
cells (PSCs), quantum dot solar cells (QDSCs), and organic photovoltaics (OPVs). Transition
metal oxides, in particular n-type oxides like TiOz, have been studied significantly as
mesoporous films to understand the processes through which electrons are transported to
improve efficiencies of heterojunction devices.>’ Most semiconductor metal oxides are n-type
semiconductors due to their band structure, where the effective mass of electrons is small leading
to fast charge transport through the conduction band. Holes must be transported through the
valence band, which is usually based in localized oxygen 2p orbitals, leading to a large effective
mass of holes.® Late transition metal oxides, such as NiO and Cu.0O, have d orbitals that overlap
with the O 2p orbitals, helping to delocalize charge, lower the effective mass of holes, and
improve hole transport through the valence band.®!° Like electron transport through n-type
oxides, hole transport through p-type oxides will be affected by the types of defects present in
the nanocrystals.

Delafossite CuGaO2 has been a particularly interesting p-type metal oxide for exploration of

hole transport. CuGaO: is a ternary metal oxide that has arisen as a potential alternative to NiO

120



as an HTM because of its more favorable band position to typical redox mediators, and its
greater transparency to visible light.!! CuGaO, has thus far been utilized in many different
heterojunction devices including DSSCs*>®, PSCs'*1¢, OPVs!/, and even as a scaffold for
photocatalytic devices.*® The crystal structure of CuGaO2 consists of Cu' atoms linearly
coordinated to Ga-O octahedra, giving nanocrystalline CuGaO; its typical form of hexagonal
plates, due to its anisotropic crystal structure. The hydrothermal synthesis of CuGaO; has been
previously shown to be affected by synthesis pH, which can alter the nanocrystalline structure.®
This nanocrystalline structure is almost certainly related to charge transport through
nanocrystalline films and needs to be investigated further.

A common component of mesoporous thin film formation is high temperature annealing and
this step can have several purposes. Synthesis of metal oxides from hydroxide decomposition can
be achieved from high temperature annealing.?°2% This step can also sinter particles together to
induce better contact between nanoparticles?*, as well as create the porous network of the film by
the oxidized/pyrolyzed polymer.?> Metal oxide nanocrystals can also have defects intrinsic to
their structures, and these defects can be remediated or enhanced by annealing under different
environments. Typically, high temperature annealing is done in atmospheres of either air,
oxygen, or Ar. For n-type metal oxides, which typically have oxygen vacancy or interstitial
metal atom defects, annealing under air or oxygen can remediate those defects.?® p-Type defects
consist of metal vacancies and oxygen interstitials, implying that annealing under oxidizing
conditions can increase the number of defects in the structure. Under a reducing environment,
such as Ho, it is possible these defects could be remediated.

In a previous study we explored CuGaO2 nanocrystals specifically synthesized at pH 9 and

annealed at different temperatures under an Oz environment. In this study we found that all thin
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films studied, regardless of temperature, exhibited high conductivity, consistent with that of a
doped metal oxide. While this is practical for some type of heterojunction solar cell designs that
require thin HTMs, such as OPVs, the high level of defects could significantly contribute to
recombination events, causing loss of photocurrent in devices.*®**2" We assigned these defects
as copper vacancies, perhaps due to the pH at which the particles were synthesized. However,
this raised the question of how do we control these defects, and can they be tailored for
versatility in heterojunction devices?

In this chapter we study the synthesis of CuGaO: at pH 5 and 9, which resulted in changes in
the morphology of the nanocrystals. These nanocrystals were then subjected to annealing under
O2, Ar, and Hz environments to assess the contribution of annealing atmosphere on
electrochemical behavior. We find that pH 9 has similar electrochemistry under Oz and Ar
environments, revealing large hole densities and metallic behavior. However, H, shows a
decrease in hole density introduces some semiconductive behavior in the electrochemistry. pH 5
nanocrystalline films exhibited semiconductive behavior under all annealing conditions, with
controllable changes to the chemical capacitance of the films. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were used to understand these changes in

chemical capacitance.

3.2 Experimental

3.2.1 CuGaO2 Nanaocrystal Synthesis CuGaO2 was synthesized using a previously reported
procedure.?® Briefly, 5 mmol of copper (Il) nitrate (Cu(NOs)2. *+ xH.0, Millipore Sigma,
99.999%) and gallium (I11) nitrate (Ga(NOgz)s * xH20, Millipore Sigma, 99.9%) were dissolved

in 15 mL of mill-Q water. Solution was cooled on an ice bath, then 5 mL of ethylene glycol
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added, followed by titration of 2.5 M KOH to reach synthesis pH. Particles were synthesized at
pH 5 (~5.5 mL of KOH) and pH 9 (~8 mL of KOH). After stirring for 1 hour, solution was
transferred to Teflon-lined autoclave (Parr) and heated at 190 °C for 24 hours. Particles were
then removed from autoclave and washed with dilute ammonium hydroxide (NH4OH, stock 28
vol%, BDH) followed by centrifugation, to remove any Cu2O side product that formed during
the synthesis. This was repeated 3 times. Particles were then dried from acetone in a vacuum
oven overnight.

3.2.2 Mesoporous Film Preparation CuGaO. powder was made into paste by adding
CuGaO; to pH 1 water. Different paste weights were required for pH 5 and pH 9 CuGaO> due to
the differences in particle size. For pH 9, a 15 wt% paste was made (typically 0.5 g was added to
3.3 mL of water) and for pH 5 a 25 wt% paste was made (typically 0.5 g was added to 2 mL of
water). Poly(ethylene glycol) (PEG, MW 20,000, Millipore Sigma) was used for film porosity,
and was added to the mixture at half the weight of the metal oxide added (7.5% for pH 9 and
12.5% for pH 5. The paste was then sonicated using an ultrasonication horn, as well as in a
sonicator bath to homogenize the mixture. Paste was constantly stirred on a stir plate until films
were made. CuGaO. mesoporous films were prepared by doctor blading pastes on to conductive
FTO glass (F:SnO,, 15 Q/cm? Hartford Glass Inc.). Films were then annealed under O
(99.999%, Airgas), Ar (99.999%, Airgas), or H2/N2 (5% Ha, Airgas) in a tube furnace (Lindberg
M Blue). The annealing was achieved via a 30-minute temperature ramp to 350 °C, maintained at
350 °C for 30 minutes, and then cooled back down to room temperature, all while maintaining
flow of the annealing gas (400 cm®/min).

3.2.3 Characterization Powder X-Ray Diffraction (PXRD) was performed to assess particle

crystallinity using a Bruker D8 Discover diffractometer (Cu Ka source) with a Vantec 2000 two-
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dimensional area detector. UV-Vis-near IR transmittance and reflectance spectra were collected

using a Cary 5000 spectrophotometer with an integrating sphere accessory. Reflectance data was

(1-R)?

converted using Kubelka-Munk equation F(R) = . Scanning electron microscopy (SEM)

of the CuGaO> powders was performed using a Jeol JSM-7000F field emission scanning electron
microscope. Surface area of the films was estimated by dye-loading of P1 dye using a 300 uM
solution of the dye in acetonitrile. Films were soaked overnight, then removed from the dye
solution and rinsed with acetonitrile to remove unbound dye. Because of the large amount of
light scatter from the films due to particle size, dye was de-loaded from the films and measured
in solution to estimate dye loading. The dye was de-loaded by soaking the film briefly in 2 mL of
0.1 M KOH in 1:1 MeCN:H20. The addition of base caused a color change in the dye, and
titration studies were performed to assess the stability of the dye conversion. This titration, and
the concentration curve used to calculate the extinction coefficient for the new peak are reported
in the appendix of this chapter. The absorbance of the solution was measure using a Cary 8454
spectrophotometer. The surface area of the film was calculated by approximating a spherical
footprint of the P1 dye and calculating an area from the number of molecules measured from
UV-Vis.

3.2.4 Electrochemical Analysis In order to perform electrochemical experiments, all films
were cut in 3.5 x 1 cm? rectangles with exposed CuGaO2 mesoporous film that was 1 x 1 cm?.
Cyclic voltammetry (CV) experiments were performed with a Gamry 1010E potentiostat. Data
were collected using a three-electrode setup where the working electrode was the CuGaO; film
on FTO, the counter electrode was Pt mesh, and the reference was an aqueous Ag/AgCI
electrode (satd. KCI). All experimenters were performed in acetonitrile (MeCN, BDH) with 0.1

M LiClO4 (99.99%, Millipore Sigma) electrolyte at a scan rate of 50 mV/s unless otherwise
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indicated. All reference potentials were calibrated before and after experiments using ferrocene
(Fc*™’©). The Ex (Fc™'?) was consistently measured to be 0.4 V vs Ag/AgCl in MeCN with 0.1 M
LiClO4. This value was used to adjust all potentials to the ferrocene reference. Electrochemical
impedance spectroscopy (EIS) was performed using the same potentiostat and three-electrode
cell setup as the CV experiments. Data was collected over the potential range -0.9 to 1.1 V vs
Fc*’, with a frequency range of 15000 — 0.1 Hz with 0.1 V steps and a modulation potential of
10 mV. EIS and CV experiments were also performed in 0.05 M I/l3” with 0.1 M LiCIO4 as a
redox mediator to see if the contribution of defects in the CuGaO: films changed their ability to

oxidize and reduce a redox active electrolyte.

3.3 Results

CuGaO2 nanocrystals were synthesized using a hydrothermal preparation method previously
reported.'*>? Powder XRD was collected for the nanocrystalline powders and films after
annealing. The powders show no residual Cu.O side product that is typically produced in the
reaction, which is washed away with NH4OH after the synthesis. At pH 5 and pH 9 the 3R-phase
of CuGaO; is synthesized, which is the predominant phase observed for CuGaO,. As shown
previously, there is a preferred orientation for the nanocrystals in the films compared to the
powders because of the anisotropic, plate-like morphology of the nanocrystals. When the
nanocrystals are spread as films there is enhancement of the (003) and (006) peaks associated
with the (00I) direction of the nanocrystal (Figure 3.1). The ratio of the (006)/(012) peak for pH
5 CuGa0s: is 2.04 and for pH 9 CuGaO: is 1.92, compared to the powder XRD which had a
(006)/(012) ratio of 0.49 and 0.5 for pH 5 and pH 9 CuGaO., respectively. This indicates that the

preferred orientation for each particle type is similar, but slightly higher for the pH 5 particles.
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Annealing conditions did not induce the formation of any other side products, such as Cu® metal,

CuO, or CuGaz04 (Figure A3.1).
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Figure 3.1: Powder XRD of a) pH 5 and pH 9 powders and b) pH 5 and pH 9 nanocrystals cast
as mesoporous films.
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SEM of the CuGaO: powders shows the same general nanocrystalline morphology, which
consists of hexagonal plates, for pH 5 and pH 9 particles, but with drastic differences in size
(Figure 3.2). pH 9 CuGaO: consisted of particles that averaged 100-200 nm in width and 40 nm
in height, while pH 5 showed very large plates anywhere from 500 nm to 2 um in width and only
25-50 nm thick. With pH 5 there is also a significant amount of particle breakage, due to the
anisotropic nature of the particles. Given the difference in aspect ratio between pH 9 and pH 5 (5
and 40, respectively), the breakage of the pH 5 particles is not surprising. The slightly higher

orientation preference for pH 5 is also not surprising given the significantly larger plate size.
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Figure 3.2: SEM of a) pH 5 and b) pH 9 CuGaO. Powders

The solids resulting from the synthesis at pH 5 and pH 9 have other optical characteristic
differences as well. Firstly, the color of the solid synthesized at pH 5 is yellow/tan in color, and
the solid synthesized at pH 9 is gray in color. Since CuGaO: is a wide band gap semiconductor it
is expected to be yellow/white in color because it should not absorb visible light. The dark color
of the pH 9 powder could be related to the copper vacancies that are present in the material,
which are discussed in Chapter 2.28 This qualitative results seems to indicate that there are fewer
defects in pH 5 that result in optical changes to the particles. The transmittance and reflectance
of the films was measured and the reflectance was converted to F(R)using the Kubelka-Munk
equation. F(R) plots of the films show some optical features are present for pH 9 that are not for
pH 5 (Figure 3.3). There are also two features at 590 nm and 492 nm that are specific to pH 9
particles. However, the most notable facet of the data is the significant absorption in the NIR
region exhibited by pH 9 particles, and somewhat by pH 5, indicative of a plasmon resonance.
The appearance of plasmon resonance bands in the NIR is typically indicative of the
concentration of charge carriers (in this case holes) in a material.?® pH 9 O, and Ar films show
significant absorbance in this region, indicative of a high density of charge carriers in the

material. Upon H> annealing, the absorbance of the plasmon band decreases significantly,
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indicating that H. annealing has decreased the hole concentration in the material. The similarity
of the Oz and Ar annealed plasmon also indicates that the hole density is so large that further
oxidation does not increase the concentration significantly. The case of pH 5 is interesting
because in all cases the absorbance of the plasmon band is significantly lower than that of pH 9.
However, the hole concentration does seem to vary with annealing condition, as oxidation of the

pH 5 film with O increases the plasmon band, and reduction with H, decreases the plasmon

band.
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Figure 3.3: Diffuse reflectance spectra of a) pH 5 and b) pH 9 CuGaO: films.

Electrochemical studies on pH 5 and pH 9 CuGaO. were performed to assess how pH
synthesis and annealing affect the electrochemical properties of the films. All electrochemistry
was performed with 0.1 M LiCIO4 in acetonitrile. For CVs all scan rates were 50 mV/s unless
otherwise indicated. The films were made such that surface areas between pH 5 and pH 9 films
would be similar, and this was estimated using dye adsorption studies. This is done by adsorping
a photoactive molecule to the surface of the films and using the extinction coefficient of the dye
to estimate surface coverage/surface area of the film. Films were dyed with the P1 dye (4-(Bis-
{4-[5-(2,2-dicyano-vinyl)-thiophene-2-yl]-phenyl}-amino)-benzoic acid), a well-studied p-type
DSSC dye®, and UV-Vis showed that all films regardless of pH and annealing condition are able
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to adsorb molecular dyes at their surfaces. Because of the large particle size, the films scatter a
significant amount light, therefore direct UV-Vis of the films is difficult to assess dye loading.
Therefore, following surface attachment, the dye was removed from the surface using 0.1 M
KOH in 1:1 MeCN:H>0O and measured by UV-Vis (Figure A3.2). A new extinction coefficient
was calculated for the dye because of the change in absorbance in basic media, which was found
to be e= 42,000 M cm™. This measurement showed that the pH 5 films on average, absorbed
more dye than the pH 9 films (Table 3.1) which indicates that they have a higer surface area. For
the purpose of film preparation, pH 5 pastes were made more concentrated due to difficulty of
making a viscous dispersion at low concentrations. The higher concentration could have
influenced the higher absorption, as there are more particles present in the film. Interestingly, pH
5 and 9 both showed that of Ar annealed films adsorbed the least dye and H annealed films
adsorbed the most.

Table 3.1: P1 Dye Adsorption to CuGaO

Film Absorbance Conc (uM) Moles Molecules Surface Area (cm?)
pH 5 Ar 0.309 7.34 1.47E-08 8.84E+15 2.79E+02
pH 5 02 0.369 8.76 1.75E-08 1.06E+16 3.33E+02
pH 5 H2 0.392 9.31 1.86E-08 1.12E+16 3.54E+02
pH 9 Ar 0.248 5.89 1.18E-08 7.09E+15 2.24E+02
pH 9 02 0.275 6.53 1.31E-08 7.87E+15 2.48E+02
pH 9 H2 0.331 7.86 1.57E-08 9.47E+15 2.99E+02

The general CV features for pH 9 under all annealing conditions are fairly similar, and
consistent with what we previously showed for pH 9 CuGaO, under O2.2% There is a quasi-
reversible redox feature around 0.1 V vs. Fc*’° that we previously assigned to a Cu®** redox
wave, most likely due to the formation of Cu-OH at the nanocrystal surface, that we identified
previously through XPS.? These types of features have been present in other Cu-based

electrodes.®'*2 There is also a fairly steep increase in current with an onset at very positive
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potentials, assigned to an increased density of states in the valence band of the CuGaO,. What is
also present is rather large non-faradaic current, particularly below what should be the valence
band minimum, E < 0.1 V vs. Fc*’°. For pH 9 this was previously attributed to the presence of
defects that cause Fermi level pinning, which increases the overall capactiance observed. From
CV data it appears that there is no significant change in the electrochemical properties of pH 9
films with annealing.

pH 5 CuGaO. CVs show significantly different behavior than what was observed for pH 9
films. Under all annealing conditions the overall capacitance has decreased, particularly at
potentials negative of the valence band, assuming a flatband potential of 0.1V vs. Fc*°. This is a
qualitative indication that the Fermi level is unpinned, and the CV behavior is more typical of a
semiconductor. The quasi-reversible redox feature is still present for pH 5 films, particularly for
O and Ar annealed films, indicating that the surface hydroxides identified for pH 9 CuGaO: are
potentially affecting pH 5 electrochemistry as well. However, pH 5 Hz shows a significant
decrease in the quasi-reversible oxidation, indicating that reduction of the film under H:
contributed to passivation of those surface states. The change in the amount of current passed at
more positive potentials is interesting as well, where it can be seen that maximum current is
achieved in the O, annealed case. The Ar annealed case is almost identical to the O, CV, except
for a decrease in current at more positive potentials. Hz again shows the most significant change,
where current at all potentials has decreased compared to O, and Ar annealed films.

If both pH 5 and 9 CuGaO: films are scanned at more negative potentials, a sharp peak
appears in the CVs around -0.7 V vs. Fc*© (Figure A3.3). Peaks such as these in thin film
electrochemistry typically indicate some monoenergetic defect state. This feature appears 800

mV more negative than the flatband potential, and seems to be unfilled, considering it is not seen
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in the CVs shown in Figure 3.4. Scanning more negative seems to reduce this state, resulting in
the oxidative peak that is seen on the return sweep. This peak appears regardless of annealing

condition and changes very little, indicating it is an inherent feature to CuGaO,.
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Figure 3.4: CV measurements of a) pH 5 CuGaO: films and b) pH 9 CuGaO: films annealed
under Ar, Oz, and H; at 350°C
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This CV data highlights the necessity of using EIS to elucidate more electronic information
about these mesoporous films. pH 9 CV’s in particular have such a high background capacitance
that it is difficult to elucidate the faradaic components in the system. We have limited the
possible faradic pathways by using a non redox-active electrolyte, which means only processes
related to the film itself should be observed. The capacitance observed in the CVs could be due
to several different processes, such as the chemical capacitance (C,) from the density of valence
band and defect states, as well as just the double-layer capacitance, known as the Helmholtz
capacitance, at the electrode/solution interface. These processes can be separated with EIS
because it is an AC-technique and the capacitances at different interfaces is frequency dependent.
This is discussed more significantly in Section 1.3.2 of Chapter 1.

Complete Nyquist, Bode Phase, and Bode Z plots for each film can be found in the appendix

of this chapter (Figures A3.4-A3.6). Starting with pH 9 CuGaO2, O annealed films displayed
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EIS similar to what was reported in our previous study, where we found the overall film
capacitance does not change significantly over the potential range that was probed. However, we
now show Creal VS. frequency plots, which are a direct measurement of every capacitor present in
the electrochemical system (Figure 3.5). In the same way that Bode Z plots show the total
resistance present in a system, these plots show the capacitance. Any plateau in a Crea plot is
related to a capacitor in the electrochemical system.®® The interfaces in our system which are
probed are the FTO/CuGaO:: interface (solid/solid), the FTO/solution interface (solid/solution),
and the CuGaO>/solution interface (solid/solution). The interface of most interest is, of course,
the CuGaO./solution interface, which will provide information about C, as well as any defect
states related to the valence band. For Crea plots of pH 9 CuGaO., we see that our conclusions
about O annealed films is proven true, where the capacitance measured in the low frequency
region does not change as a funtion of potential, and maintains a high value over the entire
potential range. This also seems to be the case for Ar annealed CuGaO. H; annealed CuGaO.,
however, does show significantly more variability with potential than O2 or Ar annealed films.
All pH 9 CuGaO: film conditions give CVs that imply that the Fermi level is pinned in those
cases. However, clearly there are changes to the electrochemical properties of pH 9 CuGaO; with
H> annealing. This further emphasizes the difficulty of mesoporous film assessment using only

CV and demonstrates the necessity of using EIS for capacitance evaluation.
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Figure 3.5: Crea Vs. frequency plots for a) pH 9 CuGaO, O, b) pH 9 CuGaO: Ar, c) pH 9
CuGa02 Hy, d) pH 5 CuGa0; O, e) pH 5CuGa0O: Ar, and f) pH 5 CuGaO: Ha.

pH 5 CuGaO. shows even more variability with potential under all annealing conditions
tested, showing an increase in capacitance with potential in the range of 1 Hz — 0.1 Hz,
consistent with observing the density of states in the valence band at the CuGaO2/solution

interface. This capacitance also seems to vary with annealing condition, where it can be seen that
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the maximum capacitance measured at the most positive potential, 1.1 V vs. Fc*’°, increases in
the order Oz < Ar < H. What is fascinating about this observed change in capacitance is that the
current change observed in the CVs has the exact opposite trend, where more current is produced
in the case of Oz and less in the case of Hz. This trend of current in the CVs is consistent with
changes in the film resistance, which will be discussed next.

The mid-frequency capacitance change should be addressed here as well, although it is
currently not fully understood. When EIS is performed on blank FTO glass in the same
electrolyte, the capacitance featured in the mid-frequency region (100 Hz — 1 Hz) is very similar
to the capacitance observed here for pH 5 O2 and Ar at all potentials. At negative potentials for
pH 5 H the capacitance behavior in this range is similar to that of FTO, but then seems to
change as more positive potential is applied. Specifically, the loss of the plateau feature is
indicative of two things: 1) the ideality of the interface is changing, which changes the slope of
the capacitance or 2) a different interface is now dominanting in that frequency range over those
potentials. For pH 9 CuGaO: the behavior in the mid-frequency region is even more peculiar,
starting with an almost indistinguishable capacitance that then flattens to a very small
capacitance value (< 10 F) and also shifts to higher frequency values, between 100 — 1000 Hz.
The most negative potential for pH 9 H> seems to be similar to the Crea data for pH 5 at more
mild potentials (-0.2 — 0.2 V), indicating that there is some overlap in the electrochemical
behavior of the films.

Lastly, it is worth mentioning that the monoenergtic trap, located around 0.7 V vs. Fc*'® does
not seem to appear in the capacitance plots measured at that potential. This can particularly be
seen in the pH 5 cases where the FTO dominates at the more negative potentials. However, this

feature shows up significantly in resistance data.
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The differences in resistance of the films can also give an indication of their electrochemical
behavior. Figure 3.6 shows an overlay of nyquist plots for pH 5 and 9 films at all annealing
conditions at OV vs Fc*®. The Nyquist plots for this data are slightly convuluted by the large
resistance to charge transfer in our system due to the use of a non-redox active electrolyte.
However, the magnitude of resistance does seem to give an indication to the overall conductivity
of the film. The Bode Z and Nyquist plots for all films at all potentials show that the total
resistance is significantly higher for pH 5 films at potentials below the valence band edge
compared to pH 9 films (Figure A3.4 and A3.6). In fact, for pH 9 O, and Ar films, the total
resistance does not change significantly as a function of potential, similar to the capacitance. pH
9 H, does have an increase in resistance, particularly at potentials above the band gap, but the
resistance is still significantly lower than that measured for all pH 5 films. The larger resistances
measured for the pH 5 films is consistent with the lower overall current in pH 5 film CVs,
including the even lower current passed by pH 5 Hz, which had the largest resistance measured

for all films (Figure 3.6).
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Figure 3.6: Nyquist plots of pH 5 and pH 9 O, Ar, and H> Annealed films displaying the

difference in total resistance between pH 5 and 9 films, as well as showing the variability of the
resistance with annealing condition.

Another important resistance component typical to metal oxides mesoporous films is the
resistance to charge diffusion through the mesoporous network (Rq) and is related to the overall
conductivity and charge density in the film. While this is typically modelled with equivalent
circuits, it has a distinct shape in Nyquist plots that can be observed and identified. In both pH 5
and 9 CuGaO: films there appears to be a diffusional resistance component observed in the
Nyquist plots (Figure 3.7). This diffusional feature is certainly different between pH 5 and 9
films and does seem to be affected by annealing condition. Figure 3.7a shows that the
diffusional resistance can be observed for pH 5 H: films between 0.2 — 0.6 V vs Fc*°, while in
the O condition at the same potentials (Figure 3.7b) the diffusional feature is no longer present.

pH 9 H> also shows diffusion resistance, but this feature is observed at potentials significantly

136



more negative than the potentials where the feature appears for pH 5. Interestingly, pH 9 O also

seems to display this feature in the same potential range, albeit at very small resistances.
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Figure 3.7: Nyquist plots showing the diffusional resistance feature in 0.2 — 0.6 V vs. F¢*’ range
for a) pH 5 Hz and b) pH 5 O». The diffusional resistance feature is shown from -0.6 —-0.1 V vs
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The use of annealing conditions to control the electrochemical behavior of the films also

indicates that the behavior induced by one annealing condition could be “undone” by subsequent

annealing under another condition. To test this, films that were annealed under O initially were

later annealed under H> to see if the initially oxidized films could be reduced. The results of this

experiment are shown in the Cra Vs frequency plots with Nyquist insets in Figure 3.8. pH 9



CuGaO», which already displays highly oxidized behavior in the Ar annealed case, again shows
highly oxidized behavior in the case of initial O2 annealing. After subsequent H. annealing the
features consistent with initial H> annealing do appear, such as the increase in total resistance at
more negative potentials and more variability in the capacitance with potential. However, the
effect of H, after initial O, annealing seems decreased with respect to performing H. annealing
in the first. pH 5 shows even more reversibility with annealing condition, with the H; state after
O2 annealing looking almost identical to initial Ho. The difference in this affect between pH 5
and 9 is most likely related to the initial synthesis and the intrinsic hole density of CuGaO2 under
each condition. The cyclic voltammetry behavior mirrors the results of the impedance where in
both pH 5 and 9 films the Oz annealed films pass more current than the H, annealed films. The
difference in current is greater for pH 5 films than pH 9. These films were even oxidized back

with more O annealing after H> annealing, revealing a level of reversibility in this process.
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Figure 3.8: Creal VS Frequency plots with Nyquist insets for a) pH 5 O2 b) pH 5 O then H: ¢) pH
9 Oz and d) pH 9 O then H> annealed CuGaO: films.

The defect concentration in these materials almost certainly influences the operation of solar
cell devices that employ them, therefore acquiring some device relevant measurements can be
informative on how modifying the defect chemistry could affect device performance. To this
end, CV and EIS of the films was also performed in the presence of 17/l3", a common redox
mediator used in DSSCs. A typical CV for I/l5" is shown in Figure A3.7, where its two redox
features (31" — Is" + 2e” (E12 = 0.49 V) and 213" — 31, + 2e” (E12 = -0.45) can be observed. CVs
of both pH 5 and 9 films with 17/13” show both oxidation peaks, but do not show any subsequent
reduction at the potentials scanned (Figure 3.9). This is consistent with having a semiconductor

material where only the valence band states are accessible for oxidizing the redox mediator. pH 9
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films seem to have larger non-faradaic current at potentials below the I7/13~ oxidation, compared
to pH 5 films, but otherwise no reduction of 17/13" is observed. Since there seems to be a high
level of vacancies in pH 9 CuGaO; films that could contribute to surface defects, the lack of
reductive current is particularly interesting. The onset of oxidation of I7/l3” does not seem to shift
very much with annealing condition in the case of pH 9, staying around 0.125 V vs. Fc*°,
measured at 0.5 mA of current passed. pH 5, however, has an onset of around 0.250 V vs Fc*°
for O, and Ar annealed films, that then shifts 80 mV more positive to 0.330 V vs Fc*'® with H;
annealing. In all cases, the onset of oxidation is more negative with pH 9 films than pH 5 films,
indicating a more negative Fermi level position for pH 9 CuGaO,. Overlays of pH 5 and 9 films

at the same annealing condition in I'l3” are shown in Figure A3.8.
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Figure 3.9: CVs of a) pH 5 CuGaO: and b) pH 9 CuGaO: film in 0.05 M I/I5” electrolyte

3.4 Discussion

The hydrothermal synthesis of CuGaO: is the most typical synthetic method that has been
employed for generating CuGaO2 nanocrystals®, as well as for studying their formation.
Previously Yu et. al. reported on the crystallization mechanism of CuGaO. and studied the effect

of pH on the resulting particle morphology and size.'® The pH of the synthesis has a large effect
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on the speciation of Cu and Ga hydroxides, and the reactivity of those resulting hydroxides to
make the desired delafossite phase. They report the formation of unfavorable gallium phases
below pH 4 and the formation of Cu side products above pH 6. Our synthesis of CuGaO; at pH 9
seems to produce more Cu20 than pH 5, consistent with the observation of Yu and coworkers.
The Cu20 produced in the syntheses is removed by washing in dilute base. The investigation of
CuGaO2 synthesis has also involved finding a way to make smaller particles, as this will be
beneficial in solar cell device application for optical transparency and dye loading. Most
publications on CuGaO; using hydrothermal methods have synthesized CuGaO, at pH 5 or
similar, where it was initially reported the smallest particles were produced. It was later found
that precursor temperature mattered significantly for particles size, as colder temperatures
induced more controlled seeding for particle growth.'® This study also used pH’s closer to 9 to
help induce smaller particles, consistent with our synthesis. Given these differences in particle
synthesis and how they relate to device function, it has seemed pertinent to understand the effect
of pH on the electrochemical properties of the CuGaO: films. Our findings suggest that there is,
in fact, a large contribution of the pH of particle synthesis to the conductivity and hole transport
properties of the films.

Chapter 2 of this thesis discussed EDS measurements for pH 9 synthesized CuGaO; in which
the particles were ~4% deficient in copper atoms, giving a calculated hole density of ~102! cm™,
on the order of charge density in transparent conducting oxides such as F:SnO, (FTO). Elemental
analysis on pH 5 CuGaO: still needs to be performed, but our diffuse reflectance and
electrochemical data suggest that pH 5 synthesized particles do not suffer the same magnitude of
hole density as particles synthesized at pH 9. This is not surprising given the observations of Yu,

as well as our own, that the amount of Cu2O side product is higher at pH 9 than at pH 5. It
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appears that higher pH’s make Cu20 formation a kinetically favorable product, which consumes
copper that can no longer incorporate into the delafossite crystal structure, leaving vacancies.
Every vacancy induces the formation of Cu?* to charge balance, creating a hole. The initial
spectroscopic and electrochemical differences between pH 5 and pH 9 CuGaO, seem to be
related to the occurrence of vacancy formation in pH 9 that is not occurring in pH 5 particles.
The other p-type metal oxide defect that is possible is the introduction of interstitial oxygens,
which can change the coordination environment of copper atoms from linear to square planar,
stabilizing the formation of Cu?* atoms in the crystal structure. Our annealing condition under an
O environment can almost certainly induce the formation of interstitial oxygens, but it seems
that the influence of this defect is significantly different between pH 5 and 9 films. Our
spectroscopic analysis of pH 9 films shows that the background hole density is already so high,
seemingly due to the high hole concentration induced by the copper vacancies, that the
introduction of oxygen to make interstitial defects has little to no effect. This can be seen by the
very small change in the plasmon resonance feature in the UV-Vis data and the capacitance data
from EIS. The introduction of H> to reduce the film can certainly remediate an interstitial oxygen
by reacting to form water, which volatilizes at the high annealing temperatures. However, since
we believe the majority of the defects in pH 9 are initially due to copper vacancies, which cannot
be simply remediated by annealing, the effect of the reducing environment will be limited. There
is a difference in the spectroscopic data for pH 9 after H, annealing which means that some
number of defects have been remediated, so it can be reasonably assumed that some Cu?" is
reduced back to Cu*, which can perhaps be stabilized by the formation of a hydride. Further
elemental analysis such as EDS and thermogravimetric analysis is needed to confirm this

hypothesis.
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The spectroscopic data of pH 5 CuGaO: indicates that the initial condition of pH 5 has
significantly fewer defects than pH 9, which means that O, annealing could induce more defects
in pH 5. This seems to be the case, as the plasmonic band for pH 5 shifts with annealing
condition, specifically increasing with O> meaning that the hole concentration is increasing. The
affect of O indicates that there is most likely an introduction of interstitial oxygens, changing
the conductivity, but it is significantly less than the affect that the copper vacancies are having on
the conductivity of pH 9 particles. To estimate the concentration of oxygen atoms introduced in
the pH 5 particles requires thermogravimetric analysis under an Oz environment. The change in
hole concentration is also indirectly observed from changes in the diffusion resistance associated
with charge transport in the films. At low concentration of holes, the resistance to hole diffusion
will be large while at high hole concentration the resistance will be small and/or negligible.
Firstly, observation of diffusion resistance in the pH 9 H» annealed case is a good indicator that
the reduction of some oxidized species contributing to hole density has taken place. The fact that
this feature is still mildly present in the O, annealed case is surprising, but it is significantly
smaller than the feature observed in the H> case. pH 5 films, on the other hand, exhibit
anticipated behavior of observing the diffusion component clearly in the Hz case, but not in the
O> case. It is possible the diffusion feature is being suppressed by the mid-frequency arc in the
Nyquist making it difficult to identify. The presence of a diffusion component will become more
obvious when fitting the data with equivalent circuit models, as a higher quality fit could require
using it. Regardless, there is a clear change in diffusion with annealing and with synthesis pH,
highlighting a change in the hole density.

NiO has been significantly studied as a p-type material for DSSCs, and similar conclusions

have been drawn about the contribution of Ni vacancies and their effect on the electrochemical
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properties of NiO films. Cyclic voltammograms of NiO films commonly display two quasi-
reversible redox features associated with oxidation of Ni?* to Ni** and Ni** to Ni*, and these
oxidations are usually stabilized by the presence of surface hydroxides.®® Similar conclusions
were formed in chapter 2 based on data from XPS. However, it could be reasonably assumed that
annealing with Hz could remove surface hydroxides by forming water, decreasing the quasi-
reversible feature present in the CVs. Indirect evidence that this could be occurring is the
increase in the number of dye molecules present in Hz annealed films, as the removal of surface
hydroxides could open an adsorption site for the dye. Regardless of annealing condition, the
quasi-reversible feature assigned as Cu®** was seen in CVs for pH 5 and 9 films. If XPS shows
that the presence of surface hydroxides is less under certain annealing conditions, then another
explanation for the presence of the quasi-reversible redox feature could be oxidation/reduction of
copper atoms in the valence band of CuGaO.. It is known that the most positive states in the
valence band are based in Cu d orbitals, while the rest of the band consists of O 2p orbitals.*®
The two onsets of oxidative current observed could indicate oxidation of two different
components of the band structure. The plausibility of this is further supported by the current
increase seen with oxygen annealing at more positive potentials, perhaps due to incorporation of
interstitial oxygens that can contribute to valence band oxidation.

It has been shown that the remediation of Ni vacancies using methods like atomic layer
deposition to fill in the vacancies with Ni atoms can effectively remove the typical quasi-
reversible features from NiO CVs.®>” Chemical and thermal reduction of NiO has also been
investigated and shows that a decrease in defects can increase the photovoltage produced in NiO
based solar devices, related to a change in the Fermi level of the NiO.*® The contribution of these

defect states on recombination events in solar cells has been studied significantly as well.%
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These studies on NiO reflect the behavior that has been observed in our CuGaO; films due to the
different types of defects and how synthesis and annealing can change the electrochemistry of
the films. However, the assignment of defects in NiO has been strongly affiliated with surface
defects, and interestingly a study showed that surface defects in NiO give CV behavior in 1'/l5
where both oxidation and reduction processes are observed.®® When the defects are remediated
via atomic layer deposition, the reduction feature disappears and only the oxidation of the redox
mediator is observed. This contrasts with our data, where both pH 5 and 9 only show oxidative
current in 17/13” electrolyte. It is possible that the defect states for CuGaO., particularly in pH 9
particles, are still surface bound, but that their ability to catalyze the reduction is insufficient, as
the increase in current below the oxidation onset could be related to poor I7/13” reduction. Based
on these experiments, however, it seems clear that pH 5 particles do not suffer from the same
level of defects as pH 9 particles.

Despite the lack of clarity related to the exact nature of the copper vacancy, the higher hole
density induced by the copper vacancies can clearly affect how the particles will function in
devices from several facets. The I/l3™ electrochemistry experiments show that the difference in
hole density has an effect on the open circuit voltage of a device, based on the change in
oxidation onset with particle pH. From the perspective of getting the most voltage out of a
device, pH 5 H> annealed CuGaO2 would give the largest Vo based on the onset of its oxidation
of I713". Photocurrent is also an important parameter of a solar cell measurement, and it is
commonly seen that increasing the Vo can result in a decrease in the Js, which does not
necessarily help improve the fill factor of solar cell devices.** No direct measurements were
performed to probe how particle synthesis or annealing would affect Js, but the higher dye

loading on pH 5 H> films would also certainly contribute to a better Jsc. Using only reducing
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conditions to make a better solar cell device may not be the conclusive best way, as oxidation of
CuGa02 and NiO with ozone or Oz has shown to improve the device function of different types
of solar cells.”4

All of the data shown indicates that pH 5 CuGaO- has a lower carrier density than that of pH
9 CuGaO2, most likely due to the lower concentration of copper vacancies in the delafossite
particles. The density of holes in the valence band determines the Fermi-level of a semiconductor

based on the equation:

3.1) Ep = Eyg — kg Tln (?)

h

Where Er is the Fermi-level energy, Evs is the valence band flat-band potential, kg is Boltzman’s
constant, T is temperature, Nvg is the density of valence band states and nn is the number of
holes. nn will also changes as a function of potential applied to the system, given by the
relationship:
3.2) nh = np° + nn(E)

The Fermi level of the films is certainly different for pH 5 and 9 films based on the I7/13” data,
where the oxidation of the redox mediator is significantly more positive for pH 9 films than pH 5
films. However, the behavior of the pH 9 films is more consistent with having a “pinned” Fermi-
level, where the density of holes is so high that the Fermi-level has pushed into the valence band
of the material, causing band “unpinning”.*> This phenomenon is what causes the metallic
behavior of our pH 9 CuGaO: films, and it is unclear if H> annealing is reducing enough to unpin
the Fermi level for pH 9 films. pH 5 CuGaO,, however, seems to behave as a true
semiconductor, and the semiconductor/liquid interface is behaving ideally*, indicating the Fermi

level position can be controlled by the introduction and removal of defects.
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3.5 Conclusion

In this chapter the synthesis of CuGaO nanocrystals and the annealing conditions on their
resultant mesoporous films were studied spectroscopically and electrochemically to understand
their natural density of hole carriers, and how the introduction/remediation of defects in the
nanocrystals could influence that charge carrier density. As discussed previously in chapter 2,
there was strong electrochemical evidence and elemental analysis to suggest that pH 9 CuGaO:
already had a high density of holes in the material induced by copper vacancies. This chapter
further supports those findings by showing evidence for remediation of those defects by
annealing under a reducing environment. This hypothesis was further supported by the study of
particles synthesized at pH 5, which clearly have a naturally lower carrier density then pH 9. pH
5 particles showed more susceptibility to annealing conditions than pH 9 particles, demonstrating
that high temperature annealing can be an effective post-synthetic method for altering carrier
density.

This work will be further completed by fitting analysis of the impedance data to extract values
for the resistance and capacitance at each interface in our system. Finding a physically relevant
model that reasonably fits our data will also help us evaluate the more unclear aspects of the
impedance data, such as the mid-frequency feature and how it changes with annealing. Elemental
analysis is also needed to further characterize the particles and the possible defects present in the
material. This will be accomplished using EDS to study the bulk material composition, XPS to
study the film surface, and TGA to study the change is mass of the material with the addition of

oxygen.
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Chapter 4

Epitaxially Grown Spinel MnFe204 and Its Ability to Perform the Oxygen Reduction
Reaction

4.1 Introduction

The use of alkaline fuel cells in our changing energy economy relies heavily on Pt as an
oxygen reduction catalyst, which is costly for widespread use of this technology.! The
exploration of new materials that are cheaper and more abundant is important for the availability
of this technology. The catalysis of the oxygen reduction reaction (ORR) is complicated by its
sluggish kinetics, which result from the need for O to adsorb to the surface of the catalyst, break
the O=0 (498 kJ mol’), then desorb from the surface, which usually involves several different
peroxide or hydroxide intermediates.? There are two pathways for ORR and in alkaline
conditions known as the 4-electron and 2x2- electron pathways. These reactions were discussed
in Section 1.1.3 of Chapter 1. The 4-electron pathway is thermodynamically more favorable, due
to the more efficient conversion of O, and the avoidance of peroxide side products, which can be
detrimental to other components of fuels cells.® The challenge of finding alternative catalysts to
Pt lie in materials that not only have similar overpotentials, but also have similar selectivity for
the 4-electron pathway.

Spinel oxide materials have the chemical formula AB204, where the A cation is typically in
the 2+ oxidation state and occupies tetrahedral sites in the structure and the B cation is typically
in the 3+ oxidation state and occupies octahedral sites. This arrangement of At and Boct IS
referred to as a normal spinel. Depending on the identity of the metal cations, the A metal may
also occupy octahedral sites, forcing the B metal to occupy tetrahedral sites. The arrangement is

referred to as an inverse spinel where the degree of inversion is maximized when all A metals
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occupy octahedral sites. In addition, distortions of the lattice can result from Jahn-Teller effects
based on metal site occupancy.

The attractiveness of spinel materials for catalyzing ORR stems from having two metal
cations in the spinel structure, which allows for versatility and tunability of the reactivity of these
materials depending on the identity of the cations. Many of the elements on the periodic table
can be incorporated into the spinel structure giving a large library of materials to explore. In
terms of low cost and abundance, the first row transition metals have been heavily explored as
nanomaterials for ORR, and almost all of the first row transition metal spinels show some
propensity towards ORR, with some even demonstrating onset potentials that are competitive
with Pt.> The ability of these materials to perform ORR lies in the oxidation state promiscuity
and the occupation of different coordination sites within the spinel structure. Co, Fe, and Mn for
example all have at least two different thermodynamically possible oxidation states that can be
utilized when catalyzing the ORR reaction, which is important for charge balance and electron
transfer when performing catalysis.® For example, Fe has known oxidation states of 2+, 3+, and
4+ which means reduction of Fe sites in spinel structures introduces excess electrons that can be
used to reduce Oz. Studies have also showed that the occupation of octahedral or tetrahedral sites
for different cations will change the catalyst ability to perform ORR."8

The exploration of almost all ORR catalysts has typically been done with nanocrystalline
materials on a carbon support. The carbon support seems important to enhancing the
conductivity and stability of the metal oxide catalyst, but also seems to perform ORR as well,
albeit less efficiently.2% The complexities of this system make it difficult to understand the
contribution of just the spinel metal oxide to the ORR capabilities of the surface and its true

catalytic activity. Understanding the intrinsic thermodynamics and kinetics of the ORR reaction

160



on spinel metal oxide surfaces is important to understanding the mechanism of ORR with spinel
metal oxides. Surface studies of metal oxides for ORR have been achieved in the literature by
studying epitaxially grown films.**-2° In these studies, a complex oxide thin film is grown on a
conductive substrate, which can then be made into an electrode to study the electrochemical
properties of the materials. Notably, most ORR studies on epitaxially grown materials have been
done on noble metals or perovskite oxides. This most likely stems from the availability of
substrates on which to grow epitaxial films. Because the substrate needs to be conductive, either
a metal substrate, such as gold, platinum, or palladium, or a doped metal oxide must be used. The
lattice parameters of the substrate material will influence the epitaxial growth of the desired
material, so understanding how this influences growth is important to the resulting functionality
of the catalyst. Of the doped oxide substrates the most common is niobium doped-strontium
titanate (Nb:SrTiO3, Nb:STO) which has the perovskite crystal structure, and has been used for
studying epitaxial perovskite oxides for ORR. To our knowledge, there are no examples in the
literature of epitaxially grown spinel films that have been studied for ORR.

This chapter describes the study of ORR on epitaxially grown MnFe.O4, which has been
studied significantly as nanocrystals for ORR catalysis.>!®*® The epitaxial films studied were
prepared using molecular beam epitaxy (MBE), a common epitaxial growth method which was
discussed more in Section 1.3.3 of Chapter 1. MnFe>O4 has been grown epitaxially using MBE
previously?, but not specifically for the study of ORR catalysis. Once grown, the films were
made into electrodes using a rotating disk electrode (RDE) mount, shown in Figure 4.1. This is
the first study to our knowledge of MnFe.O4 grown on a perovskite substrate and provides

insight into the specific mechanism through which MnFe>O4 catalyzes ORR. This study is also
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beneficial as we continue to research heterojunction epitaxial films, by combining spinel and

perovskite materials, as potential bifunction catalysts for OER and ORR.

Rotating Disk Electrode

MnFe,0,
Nb:SrTiO;
Exposed MBE Ga:In Eutectic + Ag Paint
Film
Glassy Carbon
Epoxy covered
electrode
Rotation
Top View Side View

Figure 4.1: Diagram of electrode used to study MnFe>O4 epitaxial films for ORR catalysis.

4.2 Experimental

4.2.1 Synthesis of MnFe20s Films MnFe;O4 films were grown grown on either (001)-
oriented or (111)-oriented niobium-doped SrTiOs, (Nb:STO, 0.7 wt%) conductive cubic
perovskite substrates using molecular beam epitaxy (MBE) (Mantis Deposition). Substrates were
sonicated in acetone and isopropyl alcohol for 5 minutes each before being loaded into the MBE
chamber. Mn and Fe metals were deposited concurrently during growth and effusion cells were
kept at constant temperature, with deposition rates calibrated using a quartz-crystal microbalance
pre-growth. The sample stage was heated to a constant temperature using an infrared ceramic
heating source and measured via a thermocouple on the stage, which causes an overestimation of
~50-100 °C relative to the substrate surface temperature. Samples were grown at 525 °C
setpoints and subsequently cooled to ambient temperatures over ~30 minutes. O, gas was

introduced into the chamber and maintained at ~7.0x10® Torr during film growth and cooling.
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4.2.2 Characterization of MnFe2Os Films Reflection high-energy electron diffraction
(RHEED), a technique sensitive to the first few atomic layers of a film surface, was used to
monitor the growth process. After growth, samples were analyzed using x-ray photoelectron
spectroscopy (XPS, PHI 5400 refurbished by RBD Instruments). The XPS system was connected
to the MBE chamber by vacuum transfer line to prevent atmospheric contamination. A
monochromatic Al Ka x-ray source, an electron pass energy of 35.75 eV and a scanning step size
of 0.05 eV was used for all samples. The conductivity of the Nb:STO substrates negated the need
for an electron emission neutralizer for sample charge compensation. All spectra were shifted
accordingly to place their O 1s metallic oxygen bond peaks at 530.0 eV binding energy. O 1s
spectra for samples before atmosphere exposure were fit with one metal-oxygen peak. Spectra
for samples after exposure were fit with two peaks, one for metallic oxygen and one at higher
binding energy representing all atmospheric contamination effects (Figure A4.2). Atomic force
microscopy (AFM) was used to acquire images of film topography, and were acquired using a
Park XE7 AFM in non-contact mode.

4.2.3 Electrocatalytic studies of MnFe.O4 Films Electrodes were constructed from MnFe204
films by mounting films on RDE tips with a glassy-carbon-disk working electrode (Pine
Research, 5 mm diameter) as the contact material, shown in Figure 4.1. The electrode was
constructed using Ga:In eutectic (99.99%, sigma Aldrich) and silver paint (Ted Pella). A drop of
Ga:ln eutectic was placed in the middle of the glassy carbon electrode to make the electrical
contact to the backside of the Nb:STO. Before the film was placed, a “moat” of Ag paint was
placed around the eutectic. The Ag paint is used as a conductive adhesive, so the film sticks to
the glassy carbon surface. The eutectic is there to further improve the contact. The film is place

on the eutectic and paint and allowed to dry for 30 minutes. Once the film cannot be moved with
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gentle pressure an inert epoxy (Loctite D-609) is used to cover the film, making sure any
exposed glassy carbon, eutectic, and Ag paint are covered so they do not interfere with
electrochemical measurements. The epoxy is placed such that the edge of the Nb:STO substrate
is covered as well, leaving only exposed MnFezO4 film. The epoxy is left to dry at room
temperature for at least 24 hours before submersion in electrolyte. The area of the exposed film
was measured using ImageJ software.

All electrochemical measurements were performed in 0.1IM KOH as the electrolyte. A
Hg/HgO reference electrode was used and checked against ferricyanide for every experiment for
accurate conversion to RHE, which all potentials are reported against. All CVs and RDE
experiments were performed using a WaveDriver 20 bipotentiostat (Pine Research) with an MSR
rotator (Pine Research). All EIS experiments were performed using a Gamry 1010E potentiostat.
For non-catalysis electrochemistry N> (UHP 99.999%, Airgas) was purged into the solution for
at least 30 minutes. For ORR measurements Oz (UHP 99.999%, Airgas) was purged into the
solution for at least 30 minutes. Pt/C (20 wt%, Fuel Cell Store) was purchased to perform

standard experiments to assess our electrochemical setup.

4.3 Results

MnFe2O4 spinel was successfully grown on Nb:STO substrates. The films were grown on 10
mm x 10 mm substrates, then subsequently diced into 5 mm x 5 mm pieces so that different
methods characterization could be performed. For the purpose of this chapter, experiments were
performed on three different spinel films: MnFe2O4 grown on (001) Nb:STO at ~5 nm thickness,
on (001) at ~20 nm thickness, and on (111) Nb:STO at ~5 nm thickness. These thicknesses are

estimated based on growth time of the films, but still need verification via XRD. Initial
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determination of the growth success was done by in situ RHEED analysis, which can determine
the crystallinity and surface morphology of the material based on the scattering of electrons from
the film surface. Figure 4.2a and 4.2b show RHEED analysis of MnFe2O4 5 nm (001) and 5 nm
(111) films. MnFe204 grown on (001)-oriented Nb:STO show that films form (001)-oriented
spinel structures with island-like surface quality, while MnFe.O4 grown on (111)-oriented
Nb:STO forms a (111)-oriented spinel structure with both island and planar-like surface quality.
This is indicated by the spotted pattern for MnFe2O4 grown on the (001) film, as opposed to the
lines with some spots for the film grown on the (111) surface. The RHEED pattern for films
grown on the (001) substrates is the same regardless of thickness with the RHEED for 20 nm
MnFe;04 on (001) Nb:STO is shown in Figure A4.1. For all films used in this study, the
RHEED patterns obtained during growth monitoring showed little change, indicating that the
orientations are uniform throughout the films, and indicates their single crystalline quality. AFM
analysis, shown in Figure 4.2c and 4.2d, further verifies RHEED results, as the root mean square
roughness for the (001) films is greater at 3.2 nm, compared to 1.0 nm for the (111) film. AFM

for 20 nm MnFe204 on (001) can be found in the appendix (Figure A4.1).
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Figure 4.2: a)-b) RHEED and c)-d) AFM analysis of MnFe,O4 films grown on (001) and (111)
substrates.

XPS analysis of the films was performed to characterize the composition of the films,
including stoichiometry and metal oxidation states to further confirm the synthesis of a spinel.
XPS data for Mn 2p, and Fe 2p are shown in Figure 4.3, with stoichiometry results found in
Table 4.1. The percentages shown in Table 4.1 are based on total metal content excluding
oxygen. It should be noted that all spectra in XPS are normalized, so the absolute peak intensity
is unrelated to stoichiometry. The Mn-Fe stoichiometry for samples still under vacuum was
determined by comparing areas of the Mn 2p and Fe 2p regions after implementing Shirly
background subtraction and sensitivity factors of 2.42 and 2.686, respectively. Reliable
stoichiometry determination from XPS is difficult without MnFe,O4 standards, and atomic

concentration determined from XPS here should be considered as a high-Mn bound and low-Fe
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bound. A perfect MnFe,O4 spinel composition should be 33.3% Mn?* and 66.7% Fe®*". Both
(001) samples and the (111) sample under vacuum show very similar spectral features, indicating
that the oxidation states of the Mn and Fe are consistent across the films. The Mn 2paz., located
around 641 eV has a satellite peak around 647 eV, which indicates a Mn?* oxidation state?'. Fe
2p12, positioned around 726 eV, has a satellite peak (733 eV) that indicates that Fe is in a 3+
oxidation state.?? The stoichiometry of the films under vacuum does vary from film to film, with
both 5 nm films showing a Mn excess, and the 20 nm film showing Mn deficiency. These films
were also characterized using EDS to obtain stoichiometry for comparison (Table A4.1) and

shows similar stoichiometric values, but with higher at% of Fe.

Table 4.1: Stoichiometry from XPS

Mn/Fe Mn Fe

XPS at% at% at%
5nm (001) Vacuum 0.619 38.2 61.8
5nm (111) Vacuum 0.517 34.1 65.9
20 nm (001) Vacuum | 0.449 31.0 69.0
20 nm (001) Air

Exposed 0.393 28.2 71.8
20 nm (001) Post-

Catalysis 1 0.312 23.8 76.2
20 nm (001) Post-

Catalysis 2 0.331 24.8 75.2

For 20 nm MnFe204 (001) films the XPS spectra were compared for three conditions: under
vacuum immediately following synthesis, exposed to air, and after catalysis. Due to changes in
the spectra shape, particularly the 2p1» regions for both Mn and Fe, stoichiometry for post-
catalysis samples could not be reliably determined from the entire Mn and Fe 2p regions as was
done for the samples under vacuum. Instead the ratio of the areas for the Mn 2ps;> and Fe 2pa3»2
regions were used, and the vacuum calculation was used as a reference of known stoichiometry

(fitting example found Figure A4.4). All of the air exposed and post catalysis samples showed a
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significantly higher Mn deficiency, or a higher Fe content, similar to what is seen in the
stoichiometric calculations from EDS. For the post-catalysis samples the Mn deficiency could be
due to removal of Mn from the film due to etching during catalysis, although equal etching of
both Mn and Fe would be expected. The films analyzed post-catalysis were both mounted on the
RDE tip with different amounts of epoxy coverage to test how this affected film stability. Post-
catalysis film 1 had only minimal epoxy coverage, leaving some Nb:STO substrate exposed,
while post-catalysis film 2 was covered such that only the MnFe>O4 film was exposed. It was
found that post-catalysis film 1 now had peaks related to Sr and Ti appearing in the XPS spectra,
which can be seen in the C 1s region (Figure A4.5), indicating etching of the film surface. The
peaks were not present in the vacuum sample nor used film 2. This result indicates that the MBE
film is susceptible to etching at the junction of the film and the substrate.

In post-catalysis analysis it was also important to determine if the oxidation state of the Mn or
Fe changed due to electrochemical cycling or degradation. Mn 3s spectra are comprised of two
peaks, and the binding energy separation between them can be used to determine Mn valence.?
In these spectra, large Fe 3s peaks overlap with the higher binding energy Mn 3s peak, making
definite oxidation state determination from Mn 3s unreliable for MnFe2O4. However, trends in
separation would indicate a change in oxidation state for samples where catalysis was performed.
Specifically, if there was a decrease in peak separation between samples this would indicate a
change in oxidation state from Mn?* to Mn3*. However, samples showed an increase in Mn 3s
peak separation after catalysis was performed, indicating the oxidation state remains Mn?*

(Figure A4.3).
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Figure 4.3: XPS of a) Mn 2p region and b) Fe 2p region for 20 nm (001), 5 nm (001), and 5 nm
(001). c) XPS of c) Mn 2p region and d) Fe 2p region of 20 nm (001) MnFe,QO; after air exposure

and catalysis.

The electrode design of the films was important in several ways. First, a good electrical
contact needed to be made to the Nb:STO substrate in order to be able to properly study the
MnFe20s4 film. The materials used to make the electrical contact has been used previously for
similar studies on perovskite films for ORR. Second, the film needed to be covered such that the

underlying GC disk, conductive silver paint, or Ga:In eutectic were not exposed as they could
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significantly influence the resulting electrochemistry. For this reason, an electrically and
chemically inert epoxy was used to coat the edges of the film. As mentioned above, covering any
exposed substrate was found to be very important to the electrochemical stability of the films.
Figure A4.6 shows cycling of the film with the Nb:STO edge exposed and it can be seen that in
only 20 cycles there is a significant reduction of the current and the electrochemical features
present in the CV, consistent with the XPS spectra showing peaks related to the underlying
substrate. Knowing the film surface area is extremely important for analyzing catalytic
measurements of films, and the use of epoxy to coat the electrode reduces the area of the film
exposed for electrochemistry. ImageJ software was used to estimate the surface area of the film
exposed.

Before the films were exposed to oxygen for ORR testing, CVs of the films were measured
under N2 to understand their basic electrochemical features related to MnFe2Os. The
electrochemical experiments were performed on the exact films that were characterized and
discussed above. We note that these films were a commodity, and films could only be studied
once in solution before the electrochemical features changed significantly. Therefore,
significantly oxidizing and reducing potentials were avoided to prevent degradation of the films.
Studies of bare Nb:STO were performed as well, and indicate that there is no contribution from
the substrate on the electrochemical features observed (Figure A4.7).

Figure 4.4a shows CVs for MnFe2O4 on the 5 nm (111), 5 nm (001), and 20 nm (001) films.
Despite their different surface roughness and thickness the CVs are very similar. There are 2
quasi-reversible redox features at 0.96 V and 0.62 V vs RHE. These quasi-reversible features
have been observed in CVs of MnFe;O4 nanocrystals on carbon black, and their position is

consistent with what we have observed in our films.®?* Both features have previously been
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assigned to the oxidation and reduction of Mn sites in MnFe,O4 nanocrystals, as the redox
potentials for Fe are more negative.'®2>26 Comparing the 5 nm thick films, it was observed that
the (001) film passed more current than the (111) film, even after the CVs were normalized for
area. This is consistent with the (001) films having a larger surface roughness, as measured from

AFM, compared to the (111) film.
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Figure 4.4: a) CVs comparing MnFe2O4 films grown on (001) and (111) substrates. b) CV of 20
nm (001) MnFeO- under Oz and N2 before RDE experiments. ¢) CVs of MnFe20; at 20, 50, 100,
200, 300, 400, and 500 mV/s scan rates, and normalized to the square root of the scan rate. d)
Peak currents for the cathodic peaks vs the square root of the scan rate showing a linear
relationship.

When probed under different scan rates these features show linear dependence on the square
root of the scan rate, consistent with electron transfer involving a diffusion event. Figures 4.4c

and 4.4d show the CVs normalized to the square root of the scan rate, and the linear dependence
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12 respectively. The cathodic peak at 1.0 V vs RHE does not

of the cathodic peak current with v
have the same linear dependence as the peak at 0.6 V, but this appears to be because the
potentials were not scanned positive enough to fully resolve the wave. Given the dependence on
diffusion with respect to the redox features, it is most likely that they are related to Mn site
oxidation and reduction stabilized by the formation of surface hydroxides. The distinction of two
separate Mn redox features could be contributed to the proclivity of Mn to occupy both
tetrahedral and octahedral sites in the MnFe,O4 structure.?’

Figure 4.4b shows CVs of the (001) 20 nm MnFe2O4 film saturated with O», compared to the
CV under N2. Under O. the film shows a significant increase in current, indicative of their
catalytic reactivity towards Oz. This increase appears to start concurrently with the second
manganese feature, although a true peak for O2 reduction is not observed until 0.03 V vs RHE.
This increase in O2 also occurs for the 5 nm (001) and (111) film, but the CVs were not initially
scanned negative under O to resolve the wave (Figure A4.8). CVs under N after catalysis
studies were scanned more negative and show two redox features in the range that O reduction
appears to be occurring (Figure A4.9). These features are most likely related to oxidation and
reduction of iron sites in the MnFe2O4 structure. Either the exposure to the alkaline conditions of
the electrolyte, or the process of performing ORR is changing the film surface in some way. In
particular, the CV for 20 nm (001) looks significantly different, as a sharp peak arises that is
present both under N2 and O». After completion of these experiments, the 20 nm (001) film was
removed from solution for repeat electrochemical analysis. As shown in Figure A4.10, the film
was significantly less catalytic in the secondary electrochemical experiment than it was upon

initial catalysis.

172



For a true understanding of the catalytic abilities of MnFe2O4 films, RDE experiments were
performed. Under O, saturation, rotation of the films allows for separation of electron transfer
controlled and diffusion limited processes, particularly for reactions like Oz reduction, which
have inherently slow kinetics for electron transfer. Both (001) films and (111) 5 nm MnFe;04
films were studied at varying rotation rates to perform a Koutecky-Levich analysis, shown in
Figure 4.5. We note that proper Koutecky-Levich analysis requires smooth hydrodynamic flow
of the electrolyte over the electrode surface for extraction of proper data.?® We believe that the
data do not deviate significantly from the proper flow required for analysis, given the quality of
the data we obtain, but we note that there is more noise in our rotation data than is typically seen
for perfectly flat surfaces. In order to have comparable numbers to other literature reports of
MnFe;O4 ORR catalysis, 20 mV/s was used as the scan rate for all rotations. RDE experiments
show that the current increases with increasing rotation rate, as expected. At all rotation rates it is
apparent that diffusion limited current is being achieved. From the polarization curve at 1600
RPM, the maximum current for 5 nm (001), 20 nm (001), and 5 nm (111) films are -5.2 mA/cm?,
-5.3 mA/cm? and -5.3 mA/cm?, respectively, showing that all films pass the same current at the
same rotation rate. The E1» of the main reduction wave, defined at half the maximum current, is
0 V for 5 nm (111), slightly more negative at -0.02 V for 5 nm (001), and 0.042 V for 20 nm
(001) MnFe204. The Eonset for any chemical process must be defined at a specific amount of
current passed. Typically, the ORR literature has defined this current as 10 pA/cm?, which would
result in Eonset = 0.77 V, 0.74 V, and 0.68 V for 20 nm (001), 5 nm (001), and 5 nm (111) films
respectively. However, that onset is not consistent with the large increase in current observed for

the large take off for ORR. The onset of the large wave was measured where 500 pA/cm? of
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current were passed, giving Eonset = 0.22 V for 20 nm (001), 0.12 V for 5 nm (001), and 0.15 V
for 5 nm (111) MnFe;O4 films.

RDE data was then converted to Koutecky-Levich plots, by plotting the inverse of current
density (J) vs. the square root of angular frequency of rotation (0'?), to yield a linear
relationship. At large overpotentials, the kinetic limitations of the system should be minimized,
giving intercepts that are close to zero. At lower overpotentials, larger intercepts are yielded
because there is a greater Kinetic limitation to performing the electron transfer reaction. The
slope of the line should be the same at every potential if the reaction is only dictated by diffusion
of O to the electrode surface followed by electron transfer. This slope can be used to solve for
the number of electrons transferred based on the Koutecky-Levich equation (Equation 4.1).
Here, n is the number of electrons transferred at the electrode surface, F is Faraday’s constant
(96,486 C mol™), Co is the saturation concentration of Oz in 0.1 M KOH at 1 atm of O, pressure
(1.26 x 10 mol cm™), Dy is the diffusion coefficient of Oz in 0.1 M KOH (1.93 x 10° cm? s%), v
is the kinematic viscosity of the 0.1 M KOH electrolyte (1.09 x 102 cm? s), and o is the
rotation rate in rad s

4.1) ], = 0.62nF Cy(Dy)*/2v~1/0w1/?

Figure 4.5d-f show Koutecky-Levich plots for 20 nm (001), 5 nm (001), and 5 nm (111)
MnFe20s films. Polarization curves for the 20 nm (001) and 5 nm (111) film were scanned more
negative than for the (001) film, but the Koutecky-Levich plots were made from the same data
range for both films. Over the same potential range, it can be seen that the plots are similar, but
the 20 nm (001) and 5 nm (111) films have better linearity at smaller overpotentials compared to
the 5 nm (001) film. The 20 nm (001) film shows the smallest change in current with potential,

consistent with having a sharper onset for ORR. The slopes of the Koutecky-Levich plots were
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measure at -0.25 V vs RHE and are 2338, 2068, and 2228 A cm? S¥2 rad*/? for 20 nm (001), 5
nm (001) and 5 nm (111) respectively. Using the literature values for Co, Do, and v that were
listed above, the electron transfer number was calculated from the slope of the Koutecky-Levich
plots of each film. Electron transfer numbers are shown in Table 4.2. All films showed electron
numbers close to 4, which strongly indicates a preference for the direct 4-electron reduction
pathway for O as opposed to the 2 x 2 electron pathway that produces H20- as a byproduct.

Table 4.2: Electron transfer (n), exchange current density, and rate constants (£) for
MnFe204 film ORR

Film n value Exchange current density Rate constant
20 nm (001) 3.71 2.95x108 6.54x108
5nm (001) 4.2 7.98x 1011 1.56 x 10-10
5nm (111) 3.9 1.03 x10-10 2.17x 1010
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Figure 4.5: Polarization curves at different rotation rates for a) 20 nm (001), b) 5 nm (001), and
¢) 5 nm (111) MnFe204 in 0.1M KOH saturated with O2. Koutecky-Levich plots for d) 20 nm
(001) €) 5 nm (001), and f) 5 nm (111) MnFe204 films.

To better understand the reaction rate for Oz reduction at the MnFe2O4 surface Tafel analysis
was performed. Tafel analysis is used to understand how a reaction rate is dependent on the
overpotential applied to the system and is measured in the regime dominated by the kinetics for
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electron transfer of a chemical reaction. From these plots, a Tafel slope can be measured as well
as an exchange current density. The Tafel slope is a measure of how the overpotential will
change the reaction rate and is determined by the rate limiting step in a reaction mechanism.?®
The exchange current density is that which occurs at zero overpotential, which can be used to
extract a rate constant for an electrochemical process.?°

The Tafel plots for the MBE films studied were formed by plotting the overpotential applied
(potential applied vs RHE — 1.23 V) vs log of the current density (Figure 4.6), which was done
using the polarization curve at 1600 rpm. Two possible Kinetic regions are observed in the Tafel
plots: -0.58 to -0.7 V, and -1.0 to -1.2 V overpotential range, which corresponds to 0.65 to 0.53
V vs RHE and 0.23 to 0 V vs RHE. This is concurrent with where we see rises in current in the
RDE polarization plots, and these regions overlay fairly well at all rotation rates (Figure A4.12).
Tafel slopes were calculated for both kinetic regions and are listed in the plots. The first kinetic
region occurs in the range of the Mn redox waves and is most likely related to catalysis at these
sites. The Tafel slope for this region is small for the 20 nm (001) MnFe2QO4, and largest for the 5
nm (001). The second kinetic region, most likely related to Fe-mediated ORR catalysis, has the
smallest Tafel slopes for both 5 nm films, and the largest for the 20 nm (001) film.
The extrapolation of the Tafel slopes to zero overpotential yields the exchange current densities,
which can be used to calculate a rate constant using Equation 4.2, where n is calculated from the
slope of the Koutecky-Levich plots, F is Faraday’s constant, and Co is the saturation
concentration of Oz in 0.1 M KOH. Rate constants were only calculated for the Tafel slope
measured at more negative overpotentials, as this region clearly leads to a diffusion limited

regime in which the calculated electron transfer number is more confident. The exchange current
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densities and the resulting rate constants are listed in Table 4.2. The largest rate constant is

measured for the 20 nm (001) and the smallest for the 5 nm (001) film.

4.2) J,, = nFkC,

All Koutecky-Levich and Tafel analysis was performed with purchased Pt/C in the same
electrolyte to have a comparison for the data. The data for these studies are shown in Figure
A4.11. Notably, the calculated electron transfer number calculated for Pt/C is ~5, the Tafel slope
calculated was 86 mV/dec, and the exchange current density was 4.9 x 10°. These numbers do

deviate from other literature reports of Pt/C, but were calculated using the same methods used for

our MBE films.
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Figure 4.5: Tafel plots of a) 20 nm (001), b) 5 nm (001), and ¢) 5 nm (111) MnFe2QO4. The Tafel
plots were produced using the polarization plots for RDE at 1600 RPM.
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4.4 Discussion

The study of ORR on epitaxial films, such a noble metals and perovskites, has been achieved
in the literature'>14263031 hyt this is the first report of epitaxial grown MnFe2O4 studied for
ORR. Previous reports of ORR catalysis studies on noble metal films, which were placed directly
in the electrode configuration like a normal glassy carbon or Pt disk electrode, have been
reported.t**2 This could not be done with our MBE films, therefore modification of the RDE
method was necessary, and was done using conductive contacts that have been used for other
electrode designs.**3? This allows for true rotational studies of these films, which is important for
ORR characterization.

The growth of MnFe,O4 spinels with MBE has been previously reported?®®, as well as MBE
growth of Fe3O4 on a perovskite substrate, where Moyer et. al. observe similar surface growth
patterns, such as island growth, for those spinel films.3* This is most likely due to the surface
energy of spinel structures, where the (111) surface has been found to be the lowest energy
surface.®® On (001) MgAI.O4 substrates the films are planar and 2D, indicating that lattice
mismatch between the perovskite substrate and the spinel film forces the island growth to occur,
most likely to reduce lattice strain. The island growth could induce some faceting, where the
islands consist of (111) or (110) facets. To gain insight into the composition of the films,
scanning tunneling electron microscopy will be performed, as well as XRD which can help
identify crystal facets and give film thicknesses for the films that were studied. This is important
for further characterizing how the films perform ORR catalysis.

In several studies of ORR, investigation of faceting has been performed to understand which
crystals faces will perform the best.%6-%° The active site for a catalyst depends significantly on the

coordination environment of the metal cation and exposure of that active site, which can have
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different confirmation depending on the exposed crystal facet. It has been found that the (111)
facet of spinels are more active than (001)%’, and we expected this to reflect in our studies of the
single crystalline films. However, the superiority of the (111) facet is inconclusive in our study.
The difference in onset potential at 500 pA/cm? between the 5 nm films is only 30 mV, while the
20 nm (001) film has an onset 100 mV more positive than both films. This indicates that there is
a thickness dependence on the onset potential for these MBE films. This is most likely due to
exposure of more active sites that can catalyze ORR, consistent with the (001) films having a
higher roughness factor, which translates to a higher surface area. Comparing the 5 nm films, the
data seems to indicate that the 111 film could be slightly more catalytically active, but the
difference is marginal.

The better onset potential for the 20 nm (001) film does not translate to a higher electron
transfer number. The 20 nm (001) film had the lowest electron transfer number of 3.7, while the
5 nm (001) had the highest electron transfer number of 4.2. While electron transfer numbers
under 4 could indicate a mixture of the 4-electron and 2 x 2- electron pathways, a number greater
than 4 is more unusual. Numbers greater than 4 have been reported in the literature for Pt/C*,
and this is most likely due to error in the measurement. Regardless, these films have high
selectivity for the 4-electron pathway, which limits the formation of H.O,. Peroxide can be
detrimental to fuel cell performance, so catalysts that limit its formation are preferable. The
slightly larger electron transfer numbers could be related to film thickness, where charge
transport through the 20 nm film could be more challenging, limiting the electron transfer
number. The effect of thickness on perovskite epitaxial films has been investigated and it was

found that films that are too thin are limited in their ORR activity.!* Our findings are somewhat
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similar in terms of onset potentials, but the selectivity for the 4-electron pathway does not seem
to be limited by thickness.

In most studies of spinel ORR it has been found that there is a trend in the occupation of
octahedral sites in the spinel structure and the activity of the ORR catalyst.>?*4? This is related to
the oxidation state of the metal, as well as eg orbital occupancy, where it has been found for Mn
that it shows better ORR activity in its high spin, 3+ oxidation state, because its subsequent
reduction to Mn?* is favorable.*? Spinels are particularly interesting case study for this
phenomena, because the structure and occupation of ions in tetrahedral or octahedral sites can
vary significantly due the ability of the structures to invert. In a study of the identity of the 3+
cation and its contribution to catalysis, Co-based and Mn-based spinels were found to have a
normal spinel structure, with Mn spinels having a tetragonal distortion due to Jahn-Teller effects
of the 3+ cation in the octahedral site.> Fe-based spinels, however, have a higher tendency to
form the inverse spinel, which gives ferrite spinels the unique property of having two different
metals on octahedral sites.®> While the identity of the A-site cation, which can affect the degree of
inversion, has been studied for ORR catalysis in ferrite spinels, there is no consensus on which
ferrite spinel actually performs the best. One study found that CoFe.Os is the best ferrite
catalyst®, while another gives the title to MnFe,04.1® This could be due to difference in synthesis
methods and catalyst preparation, which further highlights the need for more detailed study of
pure spinel materials. Interestingly between these two materials, CoFe2O4 has a fully inverse
spinel structure, which has been found to be important for its catalytic ability’, while MnFe;O4
should only be about 20% inverted.?’

Most nanocrystalline studies of MnFe>O4 characterize it as fully inverse, based on its XRD

pattern. The synthesis of the MnFe>Os nanocrystals could certainly influence the degree of

181



inversion. In a study of MnFe>O4 nanorods it was found using Mossbauer spectroscopy that the
degree of inversion was around 70% as opposed to the expected 20%.*® It was proposed that the
significantly higher inversion could be due to Mn?* reducing Fe3* to Fe?*, thus increasing the
concentration of Mn* which strongly prefers octahedral sites. This has also been measured for
MnFe204 nanocrystals used for ORR, using XPS.® The defect tolerance in nanocrystalline
materials is significantly higher than that of single crystalline materials, and different synthesis
methods could influence the redox potentials of the metal cations and how they incorporate into
the spinel structure. With MBE growth, most defects are going to be the result of lattice
mismatch between the substrate and the resulting film. There is little evidence of Mn3* from XPS
measurements for our films, even in samples after catalysis was performed, so it is unlikely that
there is a higher degree of inversion than one would expect for MnFe2Oa4. Analysis of the films
with STEM and XRD can help characterize this further.

From this ORR study of MnFe2Os it seems that there is a high selectivity for direct reduction
of Oz to OH", based on the obtained electron transfer numbers. This has been observed for
MnFe204 in several studies, albeit with some differences.>!%2* The significant difference for our
study lies in the large overpotential, which measured at the E12 is 0.8 — 1.0 VV more negative than
the what has previously been reported for MnFe2O4. The overpotential should depend on the
number of active sites available and the ability for O to interact with those active sites. For
MnFe20; it seems that the Mn cations have greater ability to catalyze ORR, as it has been seen
that pure FesO4 spinel is a significantly worse ORR catalyst.>®As seen in our CVs of the films,
we clearly have redox features that are consistent with Mn reduction and oxidation, as well as an
increase in current that seems to be related to the activity of those features. However, there does

not seem to be enough Mn active sites available on the film, as diffusion limited current isn’t
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reached until potentials 0.5 V more negative than where the Mn redox features occur. This is
most likely related to Fe-mediated catalysis dominating at the more negative overpotentials,
where Fe redox chemistry can occur. This could imply that in MnFe2O4 spinel nanocrystals the
structure of the spinel is more flexible, to allow for higher Mn occupation of octahedral sites, as
well as more promiscuity of the Mn valence. In fact, it has been found for MnFe2O4 nanocrystals
Mn deficiency or excess will change the distribution of Mn?* and Mn®" cations, essentially
doping the material with more Mn.?* This seems important for improved onset potentials for
ORR catalysis. To explore this further with MBE, comparting the MnFe2O4 films with pure
FesO4 and pure Mn3O4 could provide insight.

The other component of nanocrystalline catalysts that we cannot account for in our study with
MBE films is the contribution of the high surface area conductive carbon that is typically added
to catalysts mixtures. This has been found to be very necessary to achieve better overpotentials
for many different catalysts, including noble metal catalysts or metal oxides.>'%%46 |n a study of
Co304 by Liang et. al., it is very clear that the addition of carbon is necessary for Coz0a to be an
effective catalyst.*” There even seems to be a dependence on the type of carbon material used,
such as graphene or carbon nanotubes®®, and even the dopant level in the carbon material.*®
Another common component is the Nafion, an ionic polymer for proton transport, thas an effect
on the activity and rate constants associated with catalysis.*** To study the fundamental
properties of specific materials for ORR catalysis, single crystalline materials on a conductive
substrate can be achieved, and highlights explanations of ORR catalysis with spinel nanocrystals
where the nanocrystal may be only a small component of the catalytic behavior observed in the

system.

183



4.5 Conclusions and Future Work

Here we have shown the successful study of MnFe2O4 films grown via MBE for ORR
catalysis. This is the first study of a spinel MBE film investigated for ORR catalysis and we find
that the RDE setup is a suitable method for mechanistically analyzing the catalytic ability of
these films. Because the films cannot be reused, the study of the films is somewhat limited.
However further understanding of MnFe2O4 can be achieved with nanocrystalline studies, as
these are more relevant to fuel cell applications. The insight provided from MnFe,Os MBE will
inform how MnFe>O4 nanocrystals perform and what could be the predominant mechanism. The
study of other spinels using MBE films should also be done, to see if trends observed for
nanocrystals spinels is consistent with what is observed for a true single crystalline material. This
will also contribute to furthering this work towards heterojunction composite films, which

consist of a perovskite matrix with spinel pillars, that can act as a bifunctional catalyst for ORR

and OER.
4.6 Appendix
Table A4.1: MnFe,04 atomic% from EDS
EDS 110920_2 110920_1 111319 3
Mn Fe Mn Fe Mn Fe
1 29.38 70.62 8.04 91.96 29.93 70.07
2 40.13 59.87 34.86 65.14 28.56 72.3
3 31.82 68.18 22.39 77.61 27.7 71.44
q 33.93 66.07 38.56 61.44 29.44 70.56
Avg 33.815 66.185 31.93667 68.06333 28.9075 71.0925
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Figure A4.3: Mn 3s XPS for 20 nm (001) MnFe2O4 under vacuum, after air exposure, and post
catalysis
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Chapter 5
Group 13 Lewis Acid Catalyzed Synthesis of Cu20 Nanocrystals via Hydroxide

Transmetallation

5.1 Introduction

The colloidal synthesis of nanocrystalline solids is a highly active area of research given that
many nanocrystalline materials have unique properties for applications in optical,
photochemical/photocatalytic, and electrochemical/electrocatalytic fields.%>  The synthetic
methods developed for these materials often involve a high level of control on the composition,
morphology, and size of the nanocrystals (NCs) generated.>® The most investigated methods
have been based on heat-up or hot-injection procedures which are typically done in organic
solvents toward the synthesis of metal chalcogenide semiconductors.*® Each method operates
under similar principles where the reaction of precursor molecules with a solvent and a surfactant
leads to a nucleation event followed by NC growth, as described by the LaMer mechanism®,
although more recently the theory of NC growth has been expanded due to the complexities of
the precursors and reaction environments.’

The hot-injection method relies on a fast injection of precursor molecules into the reaction
solution and requires rapid reactivity of the precursor to ensure a single nucleation event.
However, the scale-up of the synthesis is challenging because of its reliance on uniform mixing
to achieve a single nucleation event and homogeneous cooling of the reaction to separate
nucleation and growth. The heat-up synthesis method does not suffer from these setbacks
because all reaction components are present upon heating of the reaction, simplifying issues with
scale-up. However, secondary nucleation events are more likely to occur because of sustained

monomer generation, which can overlap the growth and nucleation stages of the reaction,
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broadening nanocrystal size. The heat-up synthesis also requires careful tailoring of precursor
reactivity, particularly with respect to formation of ternary and quaternary NCs.

More recently, a continuous-injection method has been developed for metal oxide NCs and
has shown great promise for controlled generation of a wide variety of materials.2 While both the
hot-injection and continuous-injection methods introduce precursor molecules to a pre-heated
reaction solution, the continuous-injection is performed with a slower, controlled injection rate
such that addition of the entire precursor volume can take multiple minutes to achieve. Instead of
rapid nucleation and growth observed during fast hot-injection, the continuous-injection method
allows for a layer-by-layer growth of NCs and fine control of size, morphology, and doping.?

For the synthesis of metal oxides, the reaction proceeds via metal-catalyzed esterification of
long-chain carboxylic acids with long-chain alcohols to produce the corresponding ester and
metal hydroxide (M-OH) monomers (Scheme 5.1, top). Most commonly, the acid and alcohol of
choice are oleic acid (HO2CR, R = R = Cy7H33) and oleyl alcohol (HOR’, R’ = C1gH3ss). M-OH
monomers then condense to form metal oxide NCs with water as a byproduct. The successful
synthesis of nanocrystals using the continuous-injection method relies on the ability of the
precursor metal to catalyze the esterification reaction to form M-OH in addition to the proclivity
of M-OH monomers to undergo condensation to form a metal oxide. A wide variety of metal
oxide NCs have been synthesized with this method, including In203, CoO, Mn30a, Fe20s3, and
Zn0.813-15 The doping of In,03 with different metals (e.g. Sn:In.03) and the generation of core-

shell NCs have established the versatility of this method.8101
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Previous Work:
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This Work:
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Scheme 5.1: Reaction schemes for metal oxide NC synthesis. (top) Metal oleate (M-O2.CR)
catalyzed esterification produces metal hydroxide (M-OH) monomers which undergo
condensation to form metal oxide NCs. (bottom) Synthesis of Cu20O NCs is achieved through an
alternative catalytic route in which esterification by a group 13 metal cation results in
transmetallation of hydroxide ligands from M3*-OH to produce Cu*-OH monomers.

Despite the wide range of accessible materials, Ito et. al. previously found that NCs consisting
of antimony, copper, and silver could not be produced using the continuous-injection method.®
This is seemingly due to the inability of these metals to catalyze the necessary esterification
reaction to form M-OH monomers. This indicates that more research is needed to understand the
different catalytic rates of metals toward esterification and the types of NCs they generate.

Here, we report the direct synthesis of Cu20O NCs smaller than 100 nm using the continuous-
injection method. The key to our approach is the presence of catalytic amounts (1-15 mol%) of
AI¥*. Ga**, or In®* cations. The introduction of cations and inorganic complexes to tune reactivity
is not unusual in the metal chalcogenide literature’’*°, but typically the addition of these species

changes resultant nanoparticle morphology and not necessarily precursor reactivity. We find that
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addition of these metals to our system allows for efficient esterification catalysis to produce M3*-
OH species. The hydroxide ligand is then transmetallated from M3'-OH to form Cu*-OH
monomers (Scheme 5.1, bottom), thus bypassing the copper-catalyzed esterification route which
is found to be much slower than M3*-catalysis. These Cu*™-OH monomers then quickly condense
to form Cu20 NCs.

Spectroscopic data (UV-visible and FTIR) collected during and following the injection
process provide detailed information about the formation of oleyl oleate ester and the
consumption of the copper oleate (Cu?*-O,CR) precursor over time. These studies point to a new
mechanism for metal oxide synthesis in which the generation of a metal oxide NC is not limited
by the inherent reactivity of the parent metal (i.e. Cu) toward esterification to produce M-OH
monomers. Instead, the monomers can be generated by transmetallation from a secondary M3*-
OH species produced from esterification catalyzed by a group 13 metal cation. These studies also
highlight the competitive and independent reactivity of two metal cations in the same solution

and are therefore important for the synthesis of more complex ternary metal oxide NCs.

5.2 Experimental

5.2.1 Materials Oleic acid (technical grade, 90%), and oleyl alcohol (technical grade, 80-
85%) were purchased from Alfa Aesar and used as received. Copper (Il) acetate (Cu(OAcC)2,
98%), indium (l1l) acetylacetonate (In(acac)s, 99.99%), aluminum (Ill) acetylacetonate
(Al(acac)s, 99.99%), gallium (I11) acetylacetonate (Ga(acac)s, 99.99%) were purchased from
Sigma-Aldrich and used as received. To monitor the nitrogen (99.999%, Airgas) flow rate, a
Cole-Parmer flow meter (model PMR1-010270) was utilized. A syringe pump from New Era

Pump Systems, Inc (Model NE-4000) was used to control injection rate.
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5.2.2 General Synthesis of Copper(l) Oxide Nanocrystals To synthesize Cu.O NCs,
Cu(OAC)2 (2.45 mmol) and 0, 1, 5, 10, or 15 mol% of Al(acac)s, Ga(acac)s, or In(acac)s was
placed in a 25 mL 3-neck round bottom flask with 5 mL of oleic acid to result in a 0.49 M
[Cu(OACc)2] mixture. This flask was then capped with three rubber septa and the mixture was
heated to 150 °C under nitrogen flow with constant stirring for thirty minutes to produce copper
oleate precursor (Cu?-O.CR) and the corresponding M3*-O.CR catalyst. This step also
facilitates the removal of any acetic acid or acetylacetone through evaporation. In a separate 100
mL 3-neck round bottom flask, 25 mL of oleyl alcohol was heated to 200 °C while nitrogen was
flowed over the solvent. The precursor solution was allowed to cool to 90 °C before 4 mL of the
solution (equivalent to 1.96 mmol of Cu?*-O,CR) was then drawn into a 10 mL syringe and
injected into the oleyl alcohol at a rate of 0.35 mL min using a syringe pump. The reaction
flask was constantly stirred during and after injection and the solution was held at 200 °C for 5
minutes after the injection was completed. The flask was then removed from heat and slowly
cooled to room temperature.

The reaction mixture was centrifugated at 7500 rpm for 10 minutes to separate the solid
product and supernatant. The supernatant was collected for further spectroscopic analysis. The
solid was washed using 15 mL of hexanes and sonicated using an ultra-sonication horn (Branson
150) for resuspension. An equal volume of acetone was added to precipitate particles in solution.
This was followed by centrifugation at 7500 rpm for 5 minutes. The washing and centrifugation
steps were repeated 3 times. The resulting solid was dried from acetone in a vacuum oven for
characterization. Solid isolation and washing were performed under ambient conditions.

5.2.3 Characterization of Copper(l) Oxide Nanocrystals and Post-Reaction Solutions Solid

state materials resulting from the synthesis were characterized using multiple techniques. Powder
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X-ray diffraction (PXRD, Rigaku SmartLab, Cu Ka) was used to assess phase and crystallinity
of the synthesized materials. Diffractograms were collected and compared to a Cu.O standard
(PDF #01-078-2076). Scanning electron microscopy (SEM, Hitachi S-4700 Field Emission
Microscopy) and transmission electron microscopy (TEM, Thermofisher Talos F200X, lacey
carbon on gold TEM grid) were used to assess particle size and morphology. Energy Dispersive
Spectroscopy (EDS, Super-X EDS attached to TEM) was used to determine elemental
composition. SEM, TEM, and EDS were performed at the Chapel Hill Analytical and
Nanofabrication Laboratory.

The post-reaction solution (i.e. supernatant from initial centrifugation) was characterized to
understand the extent of reactivity with each M3 catalyst using attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy (Nicolet iS-50 with built-in ATR) and UV-
visible absorbance spectroscopy (Agilent Cary 5000, thin path length (0.2 cm) glass cuvette). For
ATR-FTIR measurements, a liquid drop of post-reaction solution was place directly on diamond
ATR crystal.

5.2.4 Time Dependent Copper(l) Oxide Synthesis For kinetic analysis of the Cu20 synthesis,
the reaction was performed as described above, but with small aliquots (100-200 uL) removed
from the reaction approximately every thirty seconds during the injection period, and every
minute after the conclusion of the injection period. These aliquots were analyzed via ATR-FTIR
by directly adding liquid drops of each aliquot on the ATR crystal. UV-visible absorbance
measurements for the aliquots were collected by diluting 100 puL of aliquot with 900 puL of oleyl

alcohol.
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5.3 Results and Discussion

5.3.1 Cu2O Synthesis Cu,O nanocrystals were synthesized by a continuous-injection
procedure. Cu(OAc). and the appropriate M(acac)s salt were first combined in oleic acid
(HO2CR, R= C17H33) and heated at 150 °C for a minimum of 30 minutes to generate Cu?*-O,CR
and M3*-O,CR species. The amount of Cu?*-O,CR, also referred to as the precursor, used for
each experiment was constant at 1.96 mmol. The concentration of M3"-0O,CR catalysts, also
referred to as M?3*, were varied based on mol% of the precursor. 4 mL of the prepared
precursor/catalyst solution was then injected at a controlled rate of 0.35 mL/min into oleyl
alcohol at 200 °C. After completion of the injection, the temperature was held at 200 °C for 5
minutes to allow for the reaction of any remaining precursor before the flask was removed from
the hot plate and allowed to slowly cool to room temperature. Solid products were isolated from
the final solution following multiple washing/extraction steps.

Figure 5.1a shows PXRD data collected for solid products resulting from 10 mol% AI®,
Ga®*, and In®*, compared with 0 mol% catalyst. PXRD data for all catalyst conditions are shown
in Figure A5.1. For Ga®*" and In3* reactions, Cu.O is the exclusive product with no evidence of
side products such as CuO or M2Os. For some reaction conditions, Cu® was produced as a minor
product. Conditions which favored the production of Cu® included elevated temperatures (>215
°C, Figure A5.2), slow injection rates, and extended times following injection at which the
reaction remained at high temperature. We also note that Cu® was produced for >5 mol% Al**
(Figure A5.1). The Cu0 observed when Cu® metal was present was green in color, as opposed
to the yellow/orange solid produced when no Cu® was present. The green colored solid has been

attributed to a Cu® core with a Cu0 shell.?°
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The fact that Cu2O is observed instead of CuO indicates that oleyl alcohol acts as a sufficient
reductant for the conversion from Cu?" to Cu* during the reaction. Evidence for alcohol
reduction of copper has previously been reported in the literature.?* Given that CuO is not
produced in any detectable quantity, we also believe that copper reduction occurs prior to
nanocrystal formation such that Cu.O is formed directly from Cu*-OH monomers. In fact, if the
reaction temperature was held below 200 °C, no solid formation occurred and the reaction
solution stayed green in color, indicating that Cu?* was never reduced. Attempts to use a Cu*
precursor (i.e. Cu(OAc)) as a starting material were unsuccessful, as the exchange of acetate and
oleate ligands oxidized Cu* to Cu?" with the resulting precursor solution having the same

absorbance spectrum and color as Cu?*-O,CR (Figure A5.3).
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Figure 5.1: a) PXRD data collected for Cu,O NCs synthesized by continuous-injection of Cu?*-O,CR as
a function of 0 mol% and 10 mol% Al**, Ga*, or In® catalyst loading at 200 °C under Na. A standard
diffraction pattern for Cu,O (PDF# 01-078-2076) is shown for comparison. b) SEM images of Cu,O NCs
synthesized in the absence (0 mol%) and presence of 10 mol% M?3* catalysts.

In terms of M3 oxide side products, we note that the synthesis of In,Os has been heavily

explored with the continuous-injection method.®1%16.22 However, the low concentrations of In*
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used in these studies does not yield In.Oz product. For example, control experiments using only
M?3*-0,CR up to 0.30 mmol (equivalent to 15 mol% catalyst loading) showed no solid formation
for any of the group 13 metal cations. However, injection of In**-O,CR and Ga*-O.CR at 2
mmol (equivalent to 100 mol% catalysts loading) did yield nanocrystalline In203 and y-Ga;Os
(Figure A5.4). Similar experiments for AI** at 100 mol% were unsuccessful, as the precursor
solidified in the syringe at high concentrations, making it impossible to inject.

SEM images of NCs produced with 0 mol% catalyst and 10 mol% AI**, Ga®*, or In*" are
shown in Figure 5.1b. SEM images for 1, 5, and 15 mol% catalysts are shown in Figure A5.5.
NC sizes for different mol% are given in Table 5.1 and Figure A5.6. With no catalysts present,
Cu20 NCs were found to be roughly spherical with minor faceting and an average size of 129 +
27 nm. NC agglomeration was also observed and believed to be due to weak coordination of
oleate ligands to the Cu.O surface. This observation was consistent across all reaction
conditions. As a function of M3* catalyst, clear differences in the size and morphology of Cu.0
NCs were observed. In general, the size of NCs was found to increase in the order Ga3* < In*" <
A", Cu,0 produced from Ga** also exhibited a distinct cubic morphology while NCs resulting
from In®*" and AI®* were more spherical in shape, similar to those produced in the absence of M**
cations. The change in the morphology with the addition of Ga** specifically points to a unique
change in the kinetics of Cu,O formation discussed further below. For all M** cations, no
significant trends were observed between NC size and mol% catalyst. TEM images for all
reaction conditions are shown in Figure A5.7-A5.15. EDS performed in combination with TEM
revealed no evidence for In, Ga, or Al atoms within Cu,O NCs. This result indicates that M3*

cations are not doped into Cu20 nor do they form seed particles from which Cu20O grows.
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Table 5.1: Cu20 NC sizes (nm)

No Catalyst 0 mol%
Cu*-O,CR 129 + 27
With Catalyst 1mol% 5mol% 10mol% 15 mol%
AP 169+30 96+15 191+22  168+43
Ga®* 62+ 11 64 + 13 58 + 13 72+16
In3* 111+19 11717 90+ 17 85+ 14

Despite the noted changes in Cu,O NC size and morphology with M3* cations, it is not
apparent from PXRD or microscopy data that these metals are acting catalytically for Cu.O
formation. However, UV-visible absorbance and FTIR spectroscopy provide compelling
evidence for this assignment and offer new insights into possible mechanisms for metal oxide
formation. Figure 5.2 shows UV-visible absorbance spectra obtained from post-reaction
solutions for each catalyst. These spectra show a peak at 695 nm consistent with the Cu?*-0O,CR
precursor. The 0 mol% condition resulted in post-reaction solutions which are deep green in
color due to the strong peak at 695 nm. As catalysts were introduced, the intensity of the green
color diminished as the peak decreased, finally resulting in a yellow amber color as the peak

completely disappeared.
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Figure 5.2: UV-visible absorbance spectra of post-reaction solutions obtained from continuous-
injection of Cu?*-O,CR with 0 mol% and 5 mol% AI**, Ga*, or In®* at 200 °C under N. The
peak at 695 nm is indicative of unreacted Cu?*-O.CR precursor remaining in solution.
Absorbance was corrected for oleyl alcohol.

The magnitude of the 695 nm peak in the post-reaction solution can be used to measure
reaction efficiency with the equation Nn = 1 - [CU*Junreacted/[CU?*]totai. The concentration of
unreacted precursor was calculated for these solutions based on the extinction coefficient of the
695 nm peak (Figure A5.16). In the case of 0 mol% catalyst, [Cu? Junreacted = 17 MM, resulting in
Nn = 76% based on a [Cu®'Jwta = 68 mM present in the oleyl alcohol/oleic acid solution after
injection. Upon addition of 5 mol% AIP*, Ga*', or In®", [Cu?Junreacted decreased to 8.2, 4.4, and
5.9 mM, corresponding to nxn = 86, 99, and 98%, respectively. In the case of AI**, the 695 nm
peak remained present for all mol% catalyst conditions, indicating incomplete reactivity.
[Cu?*Junreactea Was never less than 7 mM with the addition of up to 15 mol% AI®*, resulting in a
maximum nxn = 90%. (Figure A5.17) With Ga®* or In®*, nmn achieved >98% for >5 mol%

catalyst loading.
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Figure 5.3 shows a summary of FTIR spectra collected for post-reaction solutions as a
function of mol% catalyst. Previous literature reports have used FTIR to evaluate the
esterification reaction using peaks consistent with free oleic acid (1710 cm™), oleyl oleate ester
(1738 cm™) and oleyl alcohol (3300 cm™).2 Figure 5.3 clearly shows the presence of these
species in addition to Cu?*-O,CR, identified by the C=0 stretch of the bound oleic acid at 1620
cm?, and an unknown solvent peak at 1660 cm™ likely due to impurity (notably, this peak was
constant as a function of reaction conditions, indicating no reactivity in the esterification cycle).
Based on FTIR data, all M3 catalysts showed greater reactivity than Cu?*-O,CR for the
conversion of oleic acid to oleyl oleate ester. Consistent with data from UV-visible absorbance,
AI** showed little variation in ester formation as a function of mol% and incomplete
consumption of Cu?*-O.CR (Figure A5.18). Ga** and In®*" both showed significant consumption
of the oleic acid peak and the Cu?*-O,CR precursor in addition to formation of the ester peak.

Notably, these data were collected using an ATR-FTIR instrument, and while this is normally
not a quantitative method, the low vapor pressure and high viscosity of the oleyl alcohol solvent
allowed for a consistent sample volume to be obtained on top of the ATR crystal. Although we
do not know the exact path length for the evanescent wave, Beer-Lambert plots of oleic acid
(1710 cm™) and Cu?*-0O,CR (1620 cm™) (Figure A5.19-A5.20) were found to be linear over the
absorbance range shown in Figure 5.3 and allowed for apparent extinction coefficients of gapp =
0.16 M and 0.56 M to be estimated for each peak, respectively. In a separate experiment, the
apparent extinction coefficient for oleyl oleate ester at 1738 cm™ was determined to be eapp =
0.20 M! by converting 100% of oleic acid molecules to oleyl oleate ester by heating to 230 °C in

the presence of excess oleyl alcohol and no metal catalysts (Figure A5.21). These values allow
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for a reliable estimation of the concentrations of reactants and products for the esterification

reaction which are discussed further below with respect to time-dependent FTIR experiments.
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Figure 5.3: a) FTIR absorbance spectra in the C=0 region of post-reaction solutions obtained
from continuous-injection of Cu?*-O,CR with 0 mol% and 5 mol% AI**, Ga**, or In®" at 200 °C
under N2. b) Similar data comparing 0-15 mol% Ga®* catalyst loading conditions.

5.3.2 Time-Dependent Experiments The decrease in unreacted Cu?* ions observed by UV-
visible absorbance spectroscopy coupled with the enhanced production of oleyl oleate ester
observed by FTIR points to a catalytic mechanism for the formation of Cu20 in the presence of
group 13 metals. To gain more insight, we performed time dependent experiments where 100-
200 pL aliquots were removed from the reaction solution over a 17-minute time window. These
aliquots were then analyzed by FTIR and UV-visible absorbance spectroscopy to observe the
consumption of oleic acid and Cu?*-O2CR precursor while watching the evolution of oleyl oleate
ester over time. Figure 5.4 shows FTIR data for the reaction performed with 5 mol% Ga®".
Similar data are shown in Figure A5.22 for 0 mol% catalyst, 1 mol% Ga®*, 10 mol% Ga*', 5
mol% AIPP*, and 5 mol% In®" reactions. Note that data are plotted as AAbs with respect to the
initial spectrum at O min, which represents an aliquot removed from the oleyl alcohol solution

just before injection began. Over the course of 17 min, these data collectively show the
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consumption of oleyl alcohol (3300 cm™) concomitant with the growth of oleyl oleate ester
(1738 cm™). Peaks associated with free oleic acid (1710 cm™) and Cu?*-O2CR precursor (1620
cm™) were found to increase initially as these species were injected into solution, but eventually

decayed over time as the esterification reaction and consumption of Cu?*-O,CR progressed.
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Figure 5.4: FTIR AAbs spectra collected for aliquots of reaction solution removed as a function
of time during continuous-injection of Cu?*-O,CR with 5 mol% Ga®*" at 200 °C under N_.

By analyzing changes in these peaks with respect to time we can see several trends that occur
with each catalyst and mol%. Figure 5.5a-b show the Cu?*-O,CR precursor peak intensity at
1620 cm™ as a function of time for different mol% Ga®* and comparing 5 mol% for each group
13 metal. The rate for the initial buildup of precursor is consistent across all experiments due to
the controlled injection rate of 0.35 mL/min, which is completed at the 11.5 min mark based on
an injection volume of 4 mL. A 0 mol% catalyst injection performed at 25 °C is shown for
comparison to highlight the rate of precursor growth and maximum concentration of precursor
obtained in the absence of esterification or NC formation. Note that the measured maximum

concentration of 75 mM represents a 10% increase from the expected concentration of 68 mM.
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This was a result of decreased volume from the ~25 aliquots removed from solution during the
experiment. Across all reaction conditions, buildup of the precursor is shown to reach a critical
limit before being consumed. The time point where consumption begins is consistent with where
product formation is observed visually in the experiment as the solution changes from green to
yellow. This was also confirmed by UV-visible absorbance spectroscopy by the peak observed at
490 nm, consistent with Cu0 (Figure A5.23).% This time point was found to decrease from 9.2
min for 0 mol% Ga®* to 5.5, 4.6, and 4.3 min for 1, 5, and 10 mol% Ga®*, respectively. Among
the group 13 metals, this time point was found to decrease in the order AI** (8.9 min) < In®* (4.9

min) < Ga** (4.6 min) for the 5 mol% condition.
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Figure 5.5: a-b) Precursor peak absorbance at 1620 cm™ obtained from time-dependent FTIR
measurements comparing 0-10 mol% Ga®* and different group 13 cations at 5 mol%. c-d) Ester
peak absorbance at 1738 cm™ obtained from time-dependent FTIR measurements comparing O-
10 mol% Ga** and different group 13 cations at 5 mol%. Precursor and ester concentrations were
calculated from apparent extinction coefficients obtained from Figures A5.19-A5.21.

In the cases of Ga®*" and In®*, the precursor peak intensity reached steady-state around 7 min
before rising again around 8-9 min and eventually decaying to lower values after 11 min. We
believe this observation reflects the balance in rates between addition of the precursor/catalyst
via injection and consumption via NC formation. Following the first decrease in precursor
concentration, the rate of NC formation likely decreased with time and was equal to the injection
rate around the 7 min mark. The rise in precursor around 8-9 min was therefore due to the rate of

precursor consumption dropping below the rate of the injection, thus a net addition of precursor
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was observed. When the injection was completed around 11 min, the precursor concentration
decreased again because the rate of consumption was uncontested.

Figure 5.5¢c-d show time dependent FTIR data for the oleyl oleate ester peak intensity at 1738
cm™. Clear changes in the rate of ester formation are observed as a function of mol% Ga®** and
the nature of the group 13 metal. In all cases, the linear increase in Absi73g between 0-4 min was
due to background esterification as shown for the injection of oleic acid into oleyl alcohol at 200
°C in the absence of any metal (Equation 5.1, R = C17Hs3, R” = C1gHass). The apparent rate for
this background process was estimated to be 11 mM min! based on the linear slope from 0-11
min. The apparent zero-order nature of ester growth is likely due to the excess concentration of
oleyl alcohol and the constant replenishment of oleic acid due to the slow injection rate. The total
concentration of ester produced by Equation 5.1 over the 17 min time window was found to be

[Ester]sina = 94 mM, equivalent to 24% conversion of injected oleic acid.

5.1) H-O2CR + R’-OH — R’-O2CR + H-OH

5.2) M-O2CR + R’-OH — R’-0.CR + M-OH

As the precursor/catalyst solution was injected, metal catalyzed esterification became an
additional pathway for ester production (Equation 5.2), as indicated by the changes in rate
observed at 10, 6, 4, and 4 min for 0, 1, 5, and 10 mol% Ga®"*, respectively. These time points
were also found to coincide with the sharp decrease in the precursor peak, indicating that
consumption of the precursor was triggered by metal catalysis. Furthermore, control experiments
performed with 5 mol% Ga®* in the absence of Cu?*-O,CR exhibited the same rate for ester

formation and total ester produced as when Cu?*-O,CR was present (Figure A5.24), indicating
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that esterification is dominated by Ga®" catalysis. The rates for metal catalyzed esterification
were also found to be zero-order and were estimated to be 24, 20, 28, and 38 mM min‘* for 0, 1,
5, and 10 mol% Ga®* based on the linear portion of ester growth immediately following the onset
of metal catalysis. The [Ester]sina produced also increased with mol% Ga®* from 125 mM for 0
mol% to 183, 260, and 307 mM for 1, 5, and 10 mol%, respectively. These data indicate a clear
dependence on [Ga3"] for the esterification reaction.

A comparison of group 13 metals at 5 mol% loading revealed that AI** catalyzed the
esterification reaction only slightly better than Cu?*-O,CR on its own, with a rate of 27 mM min-
1 and [EsterJsina = 163 mM (Table 5.2). The [Ester]sina produced for Ga** (260 mM) and In3*
(247 mM) were much larger, but with comparable rates of 28 and 21 mM min, respectively.

Turnover numbers (TON) for each catalyst were estimated by the equation TON =
[Ester]cat/[Cat], where [Ester]cat (= [ESter]fina - [ESter]finaioreic aciq)) 1S the concentration of ester
produced by each catalyst and [Cat] is the total concentration of each metal ion in the reaction
solution following injection. For example, at the 5 mol% condition, [Cu?*] = 75 mM and [M3*] =
3.8 mM. Resulting TON’s showed that Ga®" was the best group 13 catalyst with 44 ester
molecules produced for every Ga3* cation while Cu?* achieved only 0.4 turnovers. Furthermore,
TON was found to decrease with higher mol% for the Ga®* series, showing that while the ester
formation rate increased with more Ga3*, not all cations were catalytically active. This will be

discussed in detail further below.
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Table 5.2: Comparison of M3 Esterification Catalysis

Reaction Nrxn? Ester Rate®  [Ester]fina’ [Ester]ca
TON®

Condition (%) (mM min?) (mM) (mM)
Oleic acid only - 11 94 - -
Cu?*-0,CR 76 24 125 31 0.4
1 mol% Ga®* 94 20 183 89 119
5 mol% Ga** 99 28 260 166 44
10 mol% Ga** 99 38 307 213 28
5 mol% Al¥* 86 27 163 69 18
5 mol% In3* 98 21 247 153 41

Mxn = 1 - [CUJunreacted/ [CUTrotar; PEStimated by the linear slope for growth of 1738 cm
FTIR peak; °[Ester]sina = (AbSfinai(1738 cm™) — gapp,acid[ ACId]total)/(Eapp.ester — Eapp,acia) Where
€appacid = 0.04 ML, gappester = 0.20 M2, and [Acid]ww = 393 mM; Y[Ester]ca = [Ester]fina —
[Ester]finai(oleic acia); “TON = [Ester]ca/[Cat].

5.3.3 Catalytic Mechanism Based on the established mechanism of M-OH condensation to
yield metal oxide NCs, we can reason that every copper ion present within Cu2O must have
existed as a Cu*-OH monomer. The generation of these monomers could arise through copper
catalyzed esterification like that shown in Equation 5.2 or, as we propose here, transmetallation
with M3-OH species. Unfortunately, we were unable to identify a unique FTIR absorbance
resulting from the M3*-OH bond, therefore we use the ester peak as an indirect measure of M3*-
OH formation. The large [Ester]ca observed for Ga®* and In®* indicate that Ga®**-OH and In®"-OH
are produced in high quantities. Based on Equation 5.2, the total moles of M3*-OH produced
over the lifetime of the reaction should be equal to the total moles of ester produced by the

catalyst. Many of these M3*-OH species are converted back to M3*-0,CR by reacting with oleic

acid (Equation 5.3) whereby the catalyst is regenerated and may proceed through another cycle.
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However, in the presence of Cu™-0,CR, the transmetallation reaction shown in Equation 5.4
could equally regenerate the M3*-O.CR catalyst while also producing Cu*-OH. Here, we indicate
Cu*-O,CR because the reaction does not proceed unless reduction of Cu?* to Cu* occurs.
Therefore, we believe that the Cu?*-O.CR precursor is first reduced to Cu*-O.CR prior to

transmetallation of the -OH ligand.

5.3) H-02CR + M**-OH — M**-O,CR + H-OH
5.4) Cu*-O2CR + M**-OH — M?**-0,CR + Cu*-OH

5.5) Cu*-O,CR + H-OH — H-02CR + Cu*-OH

It is important to note that Equations 5.3-5.4 are the same reaction with the only difference
being the nature of the cation bound to the -O,CR ligand, H* vs Cu®. This comparison highlights
the competition that exists between protons and metal cations for -OH ligands during the
catalytic cycle. Control experiments which showed 5 mol% Ga®*" produced the same amount of
ester with or without copper ions present suggest that their inclusion supplants H-O>CR as a
reactant with Ga**-OH.

While M3*-OH species are suitable donors for -OH ligands, H.O (H-OH) produced through
background esterification or Cu™-OH condensation could also deliver -OH ligands and bypass
the copper catalyzed esterification route (Equation 5.5). In fact, it is known that if H2O is not
efficiently removed from solution during the synthesis of In203z, then uncontrolled NC growth is
observed through ligand exchange of In®-0,CR and H2O to generate In®*-OH species.® From
Table 5.2, it is apparent that a significant amount of Cu*-OH must be generated by ligand

exchange between Cu™-02CR and H20. This is evident by the fact that TON = 0.4 but nxn = 76%
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for the 0 mol% condition. This means that, on average, only 40% of the copper ions go through
one esterification cycle to produce Cu*-OH, yet 76% of copper ions are consumed to produce
Cu20. Notably, the reaction is designed to sweep H>O from the reaction flask due the elevated
temperature (200 °C) and continuous flow of N2 over the solution surface. Based on Equation
5.5, it could even be possible that the copper precursor does not catalyze esterification at all, and
instead, the late onset for precursor consumption could be related to a slow buildup of H20 in
solution until a critical concentration is reached.

Scheme 5.2 provides two catalytic cycles to summarize our proposed reactions, with and
without M3* catalysts. In the presence of these catalysts, M3*-O,CR is able to catalyze the
formation of oleyl oleate ester (R’-O2CR) in the presence of oleyl alcohol (R’-OH) to produce
M?3*-OH species. Likewise, Cu*-O,CR is able to catalyze the esterification reaction to produce
Cu*-OH. Given that copper catalysis is observed to be less efficient than M3 catalysis, we
believe that most, if not all, Cu*-OH species are generated through transmetallation of -OH from
M3-OH to Cu*-O,CR, defined by the central path. Once Cu*-OH species are formed, rapid
condensation occurs to produce Cu20 NCs. Importantly, the condensation of M3*-OH species is
in direct competition with transmetallation and therefore the low concentration of M3* catalysts
is critical in preventing condensation and achieving the -OH transfer step. In the absence of M3*
catalysts, a mirrored reaction cycle can be shown in which oleic acid (H-O.CR) replaces the
M?3*-0,CR species and undergoes esterification to yield oleyl oleate ester and water (H-OH) as
products. Similar to the M3* cycle, water may transfer the -OH ligand to Cu*-O,CR to generate
Cu*-OH and trigger Cu.0 formation. However, unlike the M3* cycle, the -OH transfer reaction is

in competition with the removal of water from the solution by vaporization.
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Scheme 5.2: a) Proposed catalytic cycle for M3 catalyzed esterification to ultimately produce
Cu20 NCs through a -OH transmetallation step. b) Proposed catalytic cycle for the synthesis of
Cu20 NCs in the absence of M3* catalysts.

5.3.4 Insights into Group 13 Catalysts Lewis acid catalyzed esterification is a well-studied
reaction in the field of organic synthesis.?*?® The established mechanism involves activation of
the organic acid by coordination of the carbonyl group to the Lewis acidic cation, thus making
the carbonyl carbon more susceptible to nucleophilic attack by an alcohol.?” Therefore, the
coordination environment around the metal as well its Lewis acidity play key roles in
determining reactivity. Here, we have exchanged acetylacetonate ligands for oleate ligands with
each group 13 metal to generate active catalysts. This was performed at elevated temperatures
under inert gas; however, it is difficult to know the extent to which the ligand exchange reaction
has been performed. This is especially important in the case of AI**. Among the group 13 metals,
AP is the strongest Lewis acid and would be expected to be the best catalysts for
esterification.?® However, here we observe it as the worst catalyst, barely better than the copper
precursor. We believe this is due to incomplete exchange of the acetylacetonate ligands during
preparation of the catalyst, which would result in catalytically inactive AI** cations. Indeed, AI**
is the hardest acid and most oxophilic among the group and would therefore be expected to

strongly resist ligand exchange from the chelated acetylacetonate environment.
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Further evidence that incomplete preparation of the AI** precursor could be responsible for its
lack of catalysis can be found by comparing the esterification rates for each catalyst with the
reaction time in which metal catalysis begins. For all metals, including copper, the esterification
rate was found to be within the range of 20-30 mM min™. However, AI** catalysis did not begin
until 8.9 min for the 5 mol% condition compared to 4.6 min for Ga** and 4.9 min for In®*. The
slow reaction time onset could be the result of a low concentration of catalytically active AI®*
cations in the precursor solution which would need to build up in the reaction solution before the
metal catalyzed esterification rate could be observed. This hypothesis is also predicated on the
idea that a small amount of catalyst could maintain a high esterification rate.

Although we do not have mol% dependent data for AI**, we do have such data in the case of
Ga®*. Here, the esterification rate was found to increase with mol% catalyst; however, the TON
decreased due to the fact that [Ester]sina did not increase at the same rate as mol%. This
observation suggests that only a small fraction of Ga®" cations are driving the esterification
reaction. Control experiments performed in which 100 mol% Ga®" was present in the absence of
Cu?*-O,CR, the esterification rate was found to be 23 mM min and [Ester]fina = 270 mM. This
equates to a TON of 2.3. The low TON is the result of [Ester]sinai being roughly equal to that
observed for 5-10 mol% Ga** while the amount of catalyst was 10-20 times larger. One obvious
reason for this is that a significant fraction of Ga**-OH species produced from each esterification
cycle may undergo condensation with other Ga®*-OH species to produce y-Ga;Os. The
condensation reaction would thus remove Ga®* from the catalytic cycle and result in a lower
amount of active catalysts. The same analysis can be performed with the 100 mol% In®*
condition in the absence of Cu?*-O,CR, resulting in an esterification rate of 19 mM min™,

[Ester]fina = 287 mM, and TON = 2.6.
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The decrease in TON when going from 1 to 10 mol% Ga*" may also be explained by
competitive condensation which does not result in solid formation. Group 13 metals in aqueous
solution are known to hydrolyze water to form p-OH clusters.?>3! When carboxylate ligands
(e.g. acetate) are present, these clusters can also contain bridged carboxylates. In the case of Ga®*
and In®*", oligomer chains of acetate ligands and metal cations have even been observed. It is
therefore possible that p-OH and p-O coordinated Ga®* clusters could result from condensation
as the mol% is increased. This would thus lower the concentration of active Ga®*" cations for
esterification. Notably, nucleation theory requires a critical concentration of monomers to be
present in solution before nucleation may begin.* Below this threshold, the coalescence of
monomers into larger clusters is thought to occur but that such structures are unstable and
dissolve back into monomer units. Given the established literature of group 13 clusters with p-
OH and p-O ligands, we believe these species may be long lived during the catalytic cycle. In
fact, the formation of trinuclear p-O clusters in the synthesis of Fe.Os with the continuous-
injection method have been observed and used to explain the continuous growth of NCs.*?

Based on the metrics presented for esterification catalysis, In** appears to be comparable with
Ga®*, however, a clear distinction is made between the morphology and size of the resulting
Cuz0 NCs. In the case of In®, NCs with diameters >85 nm were produced for all mol%
conditions with spherical morphologies and a small degree of faceting. In the case of Ga®,
resulting NCs were notably smaller (< 72 nm) and displayed a distinct cubic morphology across
all mol% conditions. We believe the origin for this result must be related to the inherent
reactivity of each metal towards esterification and transmetallation. Figure 5.6 shows FTIR
AAbs spectra in the C=0 region for 100 mol% Ga®* and In®** injections in the absence of Cu?*-

0O.CR. While both metals catalyze esterification equally well, there is a notable difference in the
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observed absorbance features in the range of 1650 — 1500 cm™. This region displays peaks
associated with the C=0 bond of the M3 bound oleate ligand. Interestingly, when the Ga®*-
O2CR was injected into oleyl alcohol at 200 °C, the precursor peak at 1563 cm™ never grew in
substantially during the reaction. In contrast, the In®"-O,CR peak grew in markedly during the
injection period before decaying away upon condensation to form In2Os. Despite the Ga**-O,CR
peak not being significantly present during the catalytic reaction, nanocrystalline Ga,O3 was still

produced (Figure A5.4).
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Figure 5.6: FTIR AAbs spectra for continuous-injection of 100 mol% a) Ga**-O,CR and b) In**-
O2CR into oleyl alcohol at 200 °C under N2. Insets for each figure show the precursor peak
absorbance for M3*-O,CR and oleyl oleate ester measured over the course of the reaction.

The absence of a precursor peak in the case of Ga®>" may be related to its ability to undergo
condensation reactions to form pu-OH clusters. As discussed above, the mol% dependence for
Ga®* suggests that only a small fraction of Ga®" cations are needed to maintain high levels of
esterification. Indeed, the esterification rate and [Ester]sina Observed for 100 mol% Ga** were on

par with those observed for 1-5 mol% Ga>*. The propensity to form clusters may also be linked
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to the kinetics for transmetallation between Ga®* and Cu*, as transmetallation would necessarily
involve the formation of a bimetallic u-OH complex to facilitate -OH ligand transfer.

In the case of In®*, the persistence of the In®*-O,CR peak could indicate slower reactivity
toward condensation than Ga**. Fortunately, In,O3 synthesis and In®* reactivity has been studied
heavily by the Hutchison group®®1622 where one particular study focused on the impact of
temperature and injection rate on In**-O,CR precursor reactivity and the resulting morphology of
In,03 nanocrystals.®> They show that at lower temperatures and/or fast injection rates the In®*-
OH monomers are slower to react, causing branched nanocrystals to form, as opposed to at high
temperatures and slower injection rates where spherical particles are observed. Our reaction
conditions produced branched nanocrystals (Figure S25), which Plummer et al. state is related to
long-lived In®-OH monomers in solution. Such long lifetimes would imply slow kinetics for
condensation and thus transmetallation to Cu".

Further evidence for the hypothesis of faster transmetallation kinetics for Ga®** than In®* can
be found in the comparison of the 5 mol% catalyst data shown in Figure 5.5. In the case of Ga*",
the time points at which the Cu?*-O,CR precursor peak decreased, associated with Cu,O NC
formation, and the onset for M3* catalyzed esterification occurred were found to be identical at
4.3 min. In the case of In®", however, the decrease in the precursor peak (5.5 min) occurred 1.4
min after the onset of esterification (4.9 min). This lag in precursor consumption is a clear
indication of transmetallation limited formation of Cu*-OH monomers needed for Cu,O
formation. The rapid transmetallation of -OH ligands from Ga3*-OH is therefore believed to be a
significant factor in producing the cubic morphology observed for Cu.O NCs.

5.3.5 Relevance to Metal Oxide Synthesis Many Cu2O syntheses exist in the literature that

give a variety of sizes and morphologies.®** Early synthesis of small Cu,O nanocrystals was
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achieved by oxidizing Cu® nanoparticles to Cu,O in air.*® This was characterized by a shift in
color from metallic red to green. The green color of oxidized Cu® nanoparticles has been
attributed to a Cu° core that remains buried beneath a Cu,O shell.?® Interestingly, Cu2O that is
synthesized directly (i.e. from Cu*-OH monomers) is yellow/orange in color.?%%47 In most
cases, our synthesis produced Cu2O exclusively and through a direct route, but in the case of
high temperature or with > 5 mol% AI** we produced Cu® nanocrystals, a small fraction of which
turn green after oxidation in air, consistent with the literature.

Other syntheses which produced Cu.O directly produce particles that are several hundred
nanometers to microns in size and show impressive control over particle morphology.374045:48-52
The morphological change observed here with the addition of Ga®" is consistent with the
formation of nanocubes. In the literature, fast reactivity of precursors has been attributed with the
cubic morphology whereas slower reactivity has resulted in octahedral NCs.*° Only a few
synthetic methods have been shown to produce small colloidal Cu,O NCs.20233847 These
colloidal particles are capped with a variety of ligands including phosphate, amines, and
carboxylates. The use of oleic acid in the continuous-injection method is necessary for the
esterification reaction, but we also believe that amines or thiols could better cap the Cu20 NCs,
preventing agglomeration and resulting in smaller particle size.>**

We note that a recent report by Kim et al. described the effect of nonincorporative cations
such as Na* and K* on the synthesis of In,O3 NCs where size and shape were effectively tuned.!!
These results were explained based on the concentration of free and bound oleate ligands,
affected by [Na+] and [K+], and their influence of surface capping. In the present case, Ga** may
exhibit similar effects to result in the nanocubic morphology of Cu.O; however, we also believe

that the rates of esterification by Ga®*-O,CR and transmetallation by Ga®**-OH play significant

223



roles to determine morphology. To the best of our knowledge, this is the first report of a
transmetallation mechanism for metal oxide synthesis. The observation of this mechanism in the
present system relies on the competitive nature of metal catalyzed esterification and M-OH
condensation reactions. Cu* appears to catalyze esterification slowly but undergo rapid
condensation when Cu*-OH monomers are formed. Ga®" and In®* possess fast catalysis for
esterification while their condensation reactions can be inhibited through low mol% loadings.
This sets up a reaction scheme where Cu® is able to bypass the esterification route and accept -
OH ligands from M3*-OH through transmetallation. This type of mechanism could unlock the
ability to use metal cations which are not prone to catalyzing the esterification reaction on their
own. Although the esterification method has been shown for a number of metals, some have
shown resistance to this reactivity, including copper, silver, and antimony.® Furthermore, the
inclusion of catalytic amounts of Ga®>* or In® into precursor solutions with other metals which
are able to catalyze the esterification reaction (i.e. Fe, Co, Mn) may produce new reactivity
through a more rapid production of -OH ligands in solution.

The possibility of transmetallation between two metal centers during the synthesis of metal
oxides could also open the door to the preparation of new ternary oxide materials. For this to be
achieved, the production M1-OH and M.-OH species would need to occur on the same timeframe
and kinetics for cross condensation (i.e. M1-OH + M>-OH — M1-O-M> + H20) would need to be
faster than the formation of their respective binary oxides. The transmetallation step could even
serve as a “buffer” to balance the rates of M1-OH and M>-OH production by transferring -OH
ligands to the metal with a slower esterification rate. Indeed, the synthesis of some ternary oxide
materials have already been reported in the literature using the continuous-injection method.

However, these examples have centered on the synthesis of doped In203%!622 where the dopant
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metal occupies the same coordination environment and atomic position as In3*. It is possible that
transmetallation between metals plays a role in the synthetic mechanism for these materials but
has not yet been identified. It remains to be seen if the continuous-injection method can be used
to produce ternary oxide materials where each metal occupies a unique coordination
environment. Notably, the formation of ternary oxides does not occur for the present reaction
conditions. Even in the case of 1:1 Cul*:M3* (the ratio for delafossite)>>>" or 1:2 Cu?":M3* (the
ratio for spinel)®®, Cu,0 is always the major product. This speaks to a kinetic mismatch between

the formation of Cu*-OH and M3*-OH species during the reaction.

5.4 Conclusion

Here we have shown a unique synthetic route for producing Cu.O NCs by the addition of
group 13 Lewis acid catalysts to a continuous-injection methodology. The inclusion of these
catalysts are found to enhance the reaction efficiency of copper ions toward inclusion in Cu,O
NCs and result in higher production of M**-OH species through esterification catalysis. Detailed
time-dependent spectroscopic analysis reveals a unique transmetallation step between M3*-OH
species and Cu*-O.CR to generate Cu*-OH monomers. This step allows Cu® to bypass the
typical esterification route for generation of Cu™-OH and results in rapid condensation to form
Cu20 NCs. Of the group 13 metals, we find that Ga3* exhibits our “goldilocks” reactivity,
resulting in the smallest NCs and a distinctive cubic morphology. The use of Lewis acids in this
reaction scheme could allow for a greater versatility in binary and ternary metal oxide formation.
Further investigation of different metal-oleates and their reactivity with the continuous-injection

method could allow for new syntheses to be developed for a wide variety of metal oxides.
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5.6 Appendix
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Figure A5.1: PXRD of a) AI**, b) Ga®*, and c) In®*" catalyzed CuO. Asterisks (*) in AI** data
refer to peaks associated with Cu.
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Figure A5.2: PXRD of reaction products at 200 °C and 215 °C.
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Figure A5.3: a) FTIR of copper (1) acetate and copper (Il) acetate solids. b) UV-Vis of
precursors synthesized from the exchange of copper (1) acetate and copper (I1) acetate with oleic
acid. Both solutions were made at 68 mM by dilution with oleyl alcohol.
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Figure A5.4: PXRD of a) y-Ga203 and b) In,O3 synthesized via continuous-injection of 2 mmol
of M3*-O2CR into oleyl alcohol at 200 °C under N..
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Figure A5.5: SEM of Cu,0 nanocrystals synthesized with 1, 5, and 15 mol% AI**, Ga**, and
In®* catalysts.
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Figure A5.7: a) TEM and b) EDS of Cu?* reaction with 0 mol% catalyst. Unlabeled peaks near
2,9, and 12 keV are due to Au (TEM grid).
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Figure A5.8: a) TEM and b) EDS of Cu?* reaction with 1 mol% Ga>* catalyst. Unlabeled peaks
near 2, 9, and 12 keV are due to Au (TEM grid).
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Figure A5.9: a) TEM and b) EDS of Cu?* reaction with 5 mol% Ga>* catalyst. Unlabeled peaks
near 2, 9, and 12 keV are due to Au (TEM grid).
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Figure A5.10: a) TEM and b) EDS of Cu?* reaction with 10 mol% Ga>" catalyst. Unlabeled
peaks near 2, 9, and 12 keV are due to Au (TEM grid).
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Figure A5.11: a) TEM and b) EDS of Cu?* reaction with 15 mol% Ga®* catalyst. Unlabeled
peaks near 2, 9, and 12 keV are due to Au (TEM grid).
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Figure A5.12: a) TEM and b) EDS of Cu?* reaction with 1 mol% In®*" catalyst. Unlabeled peaks
near 2, 9, and 12 keV are due to Au (TEM grid).
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Figure A5.13: a) TEM and b) EDS of Cu?* reaction with 5 mol% In3* catalyst. Unlabeled peaks
near 2, 9, and 12 keV are due to Au (TEM grid).

100 Am : T o

gy 0oy

Figure A5.14: a) TEM and b) EDS of Cu?* reaction with 10 mol% In* catalyst. Unlabeled
peaks near 2, 9, and 12 keV are due to Au (TEM grid).
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Figure A5.15: a) TEM and b) EDS of Cu?" reaction with 15 mol% In®" catalyst. Unlabeled
peaks near 2, 9, and 12 keV are due to Au (TEM grid).
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Figure A5.17: UV-visible absorbance spectra of post-reaction solutions for a) AI**, b) Ga®**, and
¢) In®* catalysts (0.2 cm path length). The peak at 695 nm is indicative of unreacted Cu?*-O,CR
precursor remaining in solution. Absorbance was corrected for oleyl alcohol with the reaction
efficiency indicated in the legend (Mxn = 1 - [CU®unreacted/[CU Trotal). [CU?*] concentration
calculated using gs95 = 205 M cm® determined in Figure A5.16. [Cu?*]iota = 68 MM.
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Figure A5.18: FTIR absorbance spectra of post-reaction solutions of a) In®" and b) AP
catalyzed Cu20 synthesis.

235



a) o020 . . T
—O0M
——0.09M
. ——026M
3 0.15 - ——041M A
- 0.62 M
© 0.91 M
2
@ 0.104
2
(o]
2]
0
<C 005
0.00 = ;
1800 1750 1700 1650 1600
Wavenumber / cm™
b) 0.20 T r T C) 0.04 T T T T
€qpp (1710 cm™) = 0.16 M’ £gpp (1738 cm™) = 0.042 M™ .
= 0151 4 = 0034 . -
© ©
~ ~
5010 i 5 0.02 -
o @
S R
[72]) [72])
0 0
< 0.05- - < 0.01- i
0.00 r T r r 0.00 r r r r
0.0 0.2 04 0.6 0.8 10 0.0 0.2 04 0.6 0.8 10
[Oleic Acid] / M [Oleic Acid] / M

Figure A5.19: a) FTIR absorbance spectra of oleic acid dissolved in oleyl alcohol at controlled
concentrations. Spectra are background corrected for oleyl alcohol. (b-c) Beer-Lambert plots for
absorbance at 1710 and 1738 cm™ with slopes of 0.16 and 0.04 M, respectively. Despite not
knowing the path length associated with the ATR-FTIR measurement, the linearity in these plots
indicates a constant path length across different samples. Therefore, the slopes were used directly
as apparent extinction coefficients for oleic acid in oleyl alcohol such that eapp(1710 cm™) = 0.16

M~ and ezpp(1738 cm™) = 0.04 M.
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Figure A5.20: a) FTIR absorbance spectra of Cu?*-O,CR dissolved in oleyl alcohol at controlled
concentrations. Spectra are background corrected for oleyl alcohol. b) Beer-Lambert plot for
absorbance at 1620 cm™ with a slope of 5.6 x 10* mM. Despite not knowing the path length
associated with the ATR-FTIR measurement, the linearity in these plots indicates a constant path
length across different samples. Therefore, the slope was used directly as an apparent extinction
coefficients for Cu?*-O,CR in oleyl alcohol such that gapp(1620 cm™) = 0.56 M.
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Figure A5.21: a) FTIR AAbs spectra of oleic acid dissolved in oleyl alcohol and heated to 230
°C. Time dependent spectra were generated by removing small aliquots from solution over the
course of the reaction. AAbs data were generated by subtracting all spectra from the initial 0 min
at 25 °C condition. Inset shows raw absorbance data. b) AAbs at 1710 and 1738 cm™ plotted
versus time of reaction. The final time point at 165 min, representing complete conversion from
acid to ester, was used to calculate apparent extinction coefficients for oleyl oleate ester based on
the equation AAbs(V) = Ag(v)[Ester] where [Ester] = 1.27 M and A&(V) = €ester(V) — €acid(V).
Resulting values were gapp(1710 cm™) = 0.018 M and e4pp(1738 cm™) = 0.20 ML,
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Figure A5.22: Time-dependent FTIR AAbs spectra for a) Cu?*-O2CR only injection, b) 1 mol%
Ga®*, 10 mol% Ga**, 5 mol% AI**, and 5 mol% In®" catalyzed reactions. AAbs spectra generated
by subtracting the initial spectrum at t = 0 min.
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Figure A5.24: Comparison of FTIR ester peak absorbance at 1738 cm™ measured over time for
5 mol% a) AI**, b) Ga®*, and c) In** with and without (i.e. control) the presence of Cu?-0,CR
precursor.
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Figure A5.25: TEM HAADF image of In203 nanocrystals produced with 100 mol% injection of
In®*-0,CR into oleyl alcohol at 200 °C.
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