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Abstract

Phase Stability and Transformations in Vanadium Oxide Nanocrysals

by

Amy Jo Bergerud

Doctor of Philosophy in Materials Science and Engineering

University of California, Berkeley

Professor Delia Milliron, Co-Chair

Professor Junqiao Wu, Co-Chair

Vanadium oxides are both fascinating and complex, due in part to the many compounds
and phases that can be stabilized as well as the phase transformations which occur between
them. The metal to insulator transitions (MITs) that take place in vanadium oxides are
particularly interesting for both fundamental and applied study as they can be induced by
a variety of stimuli (i.e., temperature, pressure, doping) and utilized in many applications
(i.e., smart windows, sensors, phase change memory). Nanocrystals also tend to demon-
strate interesting phase behavior, due in part to the enhanced in�uence of surface energy on
material thermodynamics. Vanadium oxide nanocrystals are thus expected to demonstrate
very interesting properties in regard to phase stability and phase transformations, although
synthesizing vanadium oxides in nanocrystal form remains a challenge.

Vanadium sesquioxide (V2O3) is an example of a material that undergoes a MIT. For
decades, the low temperature monoclinic phase and high temperature corundum phase were
the only known crystal structures of V2O3. However, in 2011, a new metastable polymorph
of V2O3 was reported with a cubic, bixbyite crystal structure. In Chapter 2, a colloidal route
to bixbyite V2O3 nanocrystals is presented. In addition to being one of the �rst reported
observations of the bixbyite phase in V2O3, it is also one of the �rst successful colloidal syn-
theses of any of the vanadium oxides. The nanocrystals possess a �ower-like morphology, the
size and shape of which are dependent on synthesis time and temperature, respectively. An
aminolysis reaction mechanism is determined from Fourier transform infrared spectroscopy
data and the bixbyite crystal structure is con�rmed by Rietveld re�nement of X-ray di�rac-
tion (XRD) data. Phase stability is assessed in both air and inert environments, con�rming
the metastable nature of the material. Upon heating in an inert atmosphere above 700◦C,
the nanocrystals irreversibly transform to the bulk stable corundum phase of V2O3 with
concurrent particle coarsening. This, in combination with the enhanced stability of the
nanocrystals over bulk, suggests that the bixbyite phase may be stabilized due to surface
energy e�ects, a well-known phenomenon in nanocrystal research.

In Chapter 3, the reversible incorporation of oxygen in bixbyite V2O3 is reported, which
can be controlled by varying temperature and oxygen partial pressure. Based on XRD and
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thermogravimetric analysis, it is found that oxygen occupies interstitial sites in the bixbyite
lattice. Two oxygen atoms per unit cell can be incorporated rapidly and with minimal
changes to the structure while the addition of three or more oxygen atoms destabilizes the
structure, resulting in a phase change that can be reversed upon oxygen removal. Density
functional theory (DFT) supports the reversible occupation of interstitial sites in bixbyite
by oxygen and the 1.1 eV barrier to oxygen di�usion predicted by DFT matches the ac-
tivation energy of the oxidation process derived from observations by in situ XRD. The
observed rapid oxidation kinetics are thus facilitated by short di�usion paths through the
bixbyite nanocrystals. Due to the exceptionally low temperatures of oxidation and reduc-
tion, this material, made from earth-abundant atoms, is proposed for use in oxygen storage
applications, where oxygen is reversibly stored and released.

Further oxidation of bixbyite V2O3 under controlled oxygen partial pressure can lead
to the formation of nanocrystalline vanadium dioxide (VO2), a material that is studied
for its MIT that occurs at 68◦C in the bulk. This transformation is accompanied by a
change in crystal structure, from monoclinic to rutile phase, and a change in optical prop-
erties, from infrared transparent to infrared blocking. Because of this, VO2 is promising for
thermochromic smart window applications, where optical properties vary with temperature.
Recently, alternative stimuli have been utilized to trigger MITs in VO2, including electro-
chemical gating. Rather than inducing the expected monoclinic to rutile phase transition
as originally proposed, electrochemical gating of the insulating phase was recently shown to
induce oxygen vacancy formation in VO2, thereby inducing metallization, while the charac-
teristic V-V dimerization of the monoclinic phase was retained. In Chapter 4, the preparation
and electrochemical reduction of VO2 nanocrystal �lms is presented. The nanocrystalline
morphology allows for the study of transformations under conditions that enhance the gating
e�ect by creating a large VO2-electrolyte interfacial area and by reducing the path length
for di�usion. The resulting transitions are observed optically, from insulator to metal to
insulator and back, with in situ visible-near infrared spectroelectrochemistry and correlated
with structural changes monitored by Raman and X-ray absorption spectroscopies. The
never-before-seen transition to an insulating phase under progressive electrochemical reduc-
tion is attributed to an oxygen defect induced phase transition to a new phase. This is
likely enabled by the nanocrystalline nature of the sample, which may enhance the kinetics
of oxygen di�usion, support a higher degree of lattice expansion-induced strain, or simply
alter the thermodynamics of the system.
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Chapter 1

Introduction

1.1 Phase Transformations in Vanadium Oxides

1.1.1 Motivation

Solid-solid phase transformations play a pivotal role in many applications. These range from
the martensite-to-austenite transformation in nickel titanium alloys for shape memory appli-
cations to the amorphous-to-crystalline transformation of germanium antimony telluride for
non-volatile phase change memory to lithium intercalcation in battery electrodes for energy
storage. Clearly, understanding and controlling the thermodynamics and kinetics of such
transformations is important for their use in application. The transformations that occur
in the oxides of vanadium are particularly interesting due to the rich and complex nature
of the vanadium oxygen system. Because of the many oxidation states and coordination
environments available to vanadium, there exist many vanadium oxide compounds in the
vanadium-oxygen phase diagram, as shown in Figure 1.1.1 Furthermore, a given compound
can have several stable and metastable phases depending on extrinsic factors such as tem-
perature, pressure, doping, and size. Several vanadium oxides, including V2O3 and VO2,
are known to undergo metal-to-insulator transformations (MITs).2 These transformations
are often accompanied by a change in structure, magnetic, or optical properties. For this
reason, these MITs are promising for applications such as sensors, phase change memory,
and smart windows.3�7

1.1.2 Vandium Dioxide

VO2 is an example of a vanadium oxide which undergoes a MIT.2 Below 68°C, the insu-
lating, monoclinic phase is stable, while above this temperature, the metallic, rutile phase
is stable.8,9 Structurally, these two polymorphs are quite similar, as shown in Figure 4.5
in Chapter 4, with vanadium atoms evenly spaced along the c-axis in the rutile phase and
dimerized in the monoclinic phase, leading to a doubling in the size of the unit cell. Whether
this structural transformation triggers the insulating behavior of VO2 at low temperatures,
as expected for a Peierls insulator, or electron correlation e�ects dominate, as with a Mott-
Hubbard insulator, is still subject to extensive debate.10�12
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Figure 1.1: Vanadium-Oxygen phase diagram. Adapted from Wriedt.1

The MIT temperature in VO2 can be tuned via the application of strain or the presence of
dopants, such as tungsten or magnesium, thus making it promising for applications requiring
switchable properties near room temperature.13�15 One such application is thermochromic
windows coatings.6 In the metallic state, VO2 absorbs infrared (IR) light while in the insu-
lating state, IR light is transmitted. In this way, the transmittance of IR light (and thus,
heat) can be controlled such that it is blocked at high temperatures and allowed to pass
through at low temperatures.

In addition to the stable monoclinic and rutile polymorphs, there exists many metastable
phases of VO2. Another insulating monoclinic phase (M2), in which half the vanadium atoms
are dimerized, has been observed as an intermediate between monoclinic and rutile during
the MIT.16�18 The monoclinic VO2-B phase is studied for use as a battery electrode due to its
ability to reversibly intercalate lithium ions.19,20 Additionally, there have been reports of a
tetragonal (A) phase, a third monoclinic (M3) phase, and a triclinic (T) phase of VO2.

19,21,12

1.1.3 Vanadium Sesquioxide

V2O3 is another vanadium oxide which undergoes a MIT accompanied by a phase trans-
formation. At temperatures below 170 K, an antiferromagnetic, insulating phase with a
monoclinic crystal structure is stable. Above this temperature, the paramagnetic and metal-
lic corundum phase is stable.2,22,23 Like VO2, the MIT temperature in V2O3 is sensitive to
the presence of dopants and the application of pressure, as shown in Figure 1.2. Indeed,
increased pressure, titanium doping, or the presence of excess oxygen have all been shown
to decrease MIT temperature.24�26 Furthermore, a MIT can be induced without the accom-
panied change in phase when chromium dopants are present, resulting in the stabilization
of an insulating, corundum phase.27 This is considered to be textbook example of a Mott
transition, and thus, V2O3 is a system of great interest in condensed matter physics.28
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Figure 1.2: Pressure-temperature phase diagram of V2O3. Adapted from McWhan et al.24

For many decades, the monoclinic and corundum phases were the only known polymorphs
of V2O3. Recently, however, a new phase with a cubic bixbyite crystal structure was ob-
served.29 This new phase is the subject of the majority of this dissertation, with an emphasis
on its mechanism of phase stabilization (Chapter 2) and the interesting properties and useful
phase transformations (Chapter 3) that are observed in bixbyite nanocrystals.

1.2 Thermodynamics and Kinetics of Phase Transforma-

tions

1.2.1 Phase Stability in Bulk Materials

The stable phase of a system is determined by its Gibbs free energy, G, a function of the
temperature and pressure of a system:

G = H − TS (1.1)

Where T is temperature, S is entropy, a measure of disorder in the system, and H is
enthalpy, a measure of the heat content of a system, which is de�ned as:

H = E + PV (1.2)

Where E is internal energy, P is pressure, and V is volume.
A phase is said to be in stable equilibrium at a given temperature and pressure when

Gibbs free energy is minimized and the following is satis�ed such that there is no driving
force for the system to change state,

dG = 0 (1.3)
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Figure 1.3: Cartoon demonstrating global and local minima in Gibbs free energy, indicating
stable and metastable state, respectively.

When equation 1.3 is satis�ed but Gibbs free energy is not minimized on a global scale,
the system is said to be in a metastable state. This is demonstrated in Figure 1.3. A state
is said to be unstable when dG 6= 0, and thus, will only exist transiently.

1.2.2 Phase Transformations in Bulk Materials

A phase transformation is possible when it results in a lowering of Gibbs free energy, such
that:

4G = Gfinal�Ginitial < 0 (1.4)

Where ΔG is the change in Gibbs free energy and driving force for transformation.
Although equation 1.4 can be used to determine whether a transformation is energetically
favorable, it does not describe the kinetics of the transformation. As the system transitions
from the initial to �nal state, it must pass through an activated state where Gibbs free energy
is greater than that of the initial and �nal states. This energy barrier can be overcome by
thermal �uctuations in the system, and thus, rate of transformation can be described as a
function of temperature. This relation is known as the Arrhenius rate equation:

rate ∝ exp

(
−4G

a

RT

)
(1.5)

Where R is the universal gas constant and ΔGa is activation energy, as shown in Figure
1.3. The likelihood of transition from a metastable to stable state is thus dependent on the
activation energy barrier separating the two. Indeed, many metastable phases can persist
inde�nitely due to high barriers to transformation. Diamond phase carbon is the canonical
example of this, which exists at ambient conditions even though graphite phase has a lower
Gibbs free energy.

Phase transformations can be categorized according to the Ehrenfest classi�cation, in
which a transformation is assigned an order corresponding to the lowest order di�erential
of Gibbs free energy which exhibits discontinuity.30 Therefore, a �rst-order phase transition
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is discontinuous in the �rst derivative of Gibbs free energy with respect to temperature or
pressure (or in other words, discontinuous in entropy or volume) across a phase boundary
whereas a second-order transformation is discontinuous in the second derivative. An exam-
ple of the former is solidi�cation, where volume changes discontinuously between solid and
liquid phases. Examples of latter include conducting-superconducting transitions and fer-
romagnetic transitions. The solid-solid phase transformations discussed in this dissertation
are �rst-order in nature.

1.2.3 Phase Stability and Transformations in Nano Materials

In nanomaterials, an additional surface energy term must be added to the expression for
Gibbs free energy:

G = Gbulk +Gsurf = H − TS + Aγ (1.6)

Where γ is surface energy, the energy required to form one unit area of new surface,
and A is surface area. As the latter is an extensive property, which depends on the size
of the system, this equation is usually considered on a per unit volume basis. In bulk
materials, the ratio of surface area to volume is low and the Gsurf term is negligible. However
in nano materials, this is not the case and the additional surface term can have a large
in�uence on Gibbs free energy. In some cases, Gibbs free energy in nanomaterials is altered
to the extent that the stable bulk phase no longer has the lowest Gibbs free energy and
a di�erent polymorph becomes stable. One of the �rst and most highly cited examples of
this is the stabilization of γ-alumina. Reported in 1997 by McHale et al., this low surface
energy phase was found to be stable at surface areas greater than 125 m2/g, while the bulk
stable α corundum phase regained stability at surface areas below this value.31 Since then,
size stabilized polymorphs of cobalt, indium oxide, and lead antimony telluride have been
reported, highlighting a great advantage of nanocrystals over their bulk counterparts- the
opportunity to stabilize phases under conditions in which they are normally not stable.32�34

Arguably, the most famous example of a size stabilized polymorph is the metastable
anatase phase of titania which can be stabilized at ambient conditions when synthesized in
nanocrystal form. Figure 1.4 shows enthalpy1 as a function of surface area for three phase
of titania- rutile, brookite, and anatase. At low surface areas (large particle sizes), the
rutile phase is shown to have the lowest enthalpy. However, at large surface areas (small
particle sizes), anatase bypasses rutile and brookite phases to become the lowest enthalpy,
and therefore stable, phase. This is made possible by the low surface energy of the anatase
phase as compared to the other two polymorphs, represented by the slope of the lines in
Figure 1.4.

A detailed thermodynamic analysis of nanocrystalline titania was previously performed
by Zhang and Ban�eld.36 Taking into account bulk Gibbs free energy, surface energy, and

1Enthalpy is used in this analysis because it is much easier to measure than Gibbs free energy, which

includes the di�cult-to-determine entropy term. Additionally, because all three polymorphs are solids,

entropy is not expected to vary much between them, and therefore enthalpy should satisfactorily describe

the relative thermodynamics of the system.
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Figure 1.4: Enthalpy as a function of surface area for the three phases of titania: rutile (red),
brookite (green), and anatase (blue). Figure adapted from Ranade et al.35

excess pressure due to curvature, the following expression describing the ΔG of the anatase
to rutile transformation was derived:

4G = 4fG(T, rutile)−4fG(T, anatase) + ARγR − AAγA +4PRVm,R −4PAVm,A (1.7)

Which, through substitution, can be reduced to:

4G = 4fG(T, rutile)−4fG(T, anatase) + (2t+ 3)
M

r

(
γR
ρR
− γA
ρA

)
(1.8)

With 4fG(T, phase) denoting the Gibbs free energy of formation of the noted phase
at temperature T, ρ the density of the phase, M the molar mass of titania, t the ratio of
surface stress to surface energy, and r the radius of the nanocrystal. By plugging in known
thermodynamic and material constants, setting ΔG to zero, and solving for r, a critical
size of stability was calculated to be ~14 nm in diameter, which is in good agreement with
experimental observations of phase stability in titania.37 Unfortunately, a thermodynamic
analysis like this is often impossible owing to the di�culty in measuring thermodynamic
values such as enthalpy and entropy. However, a few observations can be garnered from the
analysis. First, the size stabilized polymorph must have a lower ratio of surface energy to
density than the bulk stable polymorph.2 Second, transformation from one phase to another

2This is only true if t, the ratio of surface stress to surface energy, is greater than -1.5. If this is not the

case and surface stress in negative, which is possible for oxide surfaces,38 then the opposite would be true-

the ratio of surface energy to density of the size stabilized phase would need to be greater than that of the

bulk stable phase.
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requires a change in particle size or surface energy. These ideas will be important in the
Chapter 2 of this thesis where it is proposed that bixbyite V2O3 is an example of a size
stabilized polymorph.

1.3 Vandium Oxide Nanocrystals

1.3.1 Synthetic Methods

With its many oxidation states and structures and the fact that nanoscaling can alter rel-
ative phase stability, vanadium oxide nanocrystals are expected to demonstrate interesting
phase behavior. However the factors contributing to vanadium oxide's interesting thermody-
namics also have the undesired consequence of making it very di�cult to stabilize a speci�c
phase. Careful control of precursor selection, oxygen chemical potential, and temperature
is therefore required to obtain the desired product. There are many methods by which
nanocrystals are synthesized, several of which have been successfully applied to vanadium
oxides. These include physical vapor deposition (PVD) coupled with ion beam lithography
or thermal treatment, ion implantation, and hydrothermal synthesis. The �rst two methods
have been utilized to study the size dependence of the MIT in VO2, but this is invariably
in�uenced by strain associated with the fact that the nanocrystals are con�ned to the surface
of a substrate, as in the case of PVD prepared VO2,

39,40 or embedded in a matrix, as with
ion implantation.41

Solution processing is often desired over methods requiring high vacuum for its low cost
and scalability. It is also possible to form nanocrystal suspensions or powders via solution
methods, thereby facilitating the study of size dependent properties without the in�uence
of a substrate. Vanadium oxide nanocrystals have been prepared by hydrothermal synthesis
previously, however, the resulting nanoparticles are often of mixed phase or polydisperse
in size, thereby preventing the study of size dependent properties.42,43Unfortunately, this
technique is a �black box� in that it is nearly impossible to know how the reaction proceeds,
and thus, di�cult to know which factors to tune in order to achieve a monodisperse, phase
pure product. Thus, a more tunable method is required to prepare monodisperse vanadium
oxide in nanocrystal form.

1.3.2 Colloidal Synthesis

Colloidal nanocrystals di�er from other types of nanocrystals in that their synthesis is highly
controllable.44 Additionally, their binding organic ligands render them dispersible in organic
solvent for easy functionalization and �lm deposition. The controllability a�orded by col-
loidal synthesis stems from the classic materials science concepts of nucleation and growth.
Figure 1.5 demonstrates La Mer and Dinegar's model to describe nucleation and growth of
sulfur colloids.45 The model is often used to describe the three stages of a colloidal nanocrys-
tal reaction, which begins with precursor, ligand, solvent, and an optional initiating agent
in a �ask. As the �ask is heated to the desired reaction temperature, the precursor decom-
poses or reacts with the initiating agent to form monomer, active atomic or molecular units
which act as the building blocks of nanocrystals. As monomer concentration increases, it
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Figure 1.5: La Mer and Dinegar's model applied to nucleation and growth of colloidal
nanocrystals. Adapted from La Mer and Dinegar.45

eventually becomes favorable for nanocrystal seeds to nucleate. Organic ligands bind to the
surface of the newly formed seeds, thus preventing particle aggregation and controlling the
addition of monomer to the growing nuclei. As growth continues, monomer concentration
eventually becomes saturated, such that the monomer in solution is in equilibrium with the
surrounding particles.

As will be seen in Chapter 2 of this dissertation, colloidal synthesis does not always
proceed in this simple manner. However, a few guiding principles are evident from the
model that aid in synthetic development. In order to achieve a monodisperse product, it
is desirable to minimize the time during which nucleation occurs (Part II in Figure 1.5).
In a well-controlled reaction, this nucleation will happen as a �burst,� usually by injecting
precursor or monomeric species into hot solvent, thereby quickly depleting monomer and
making further nucleation unfavorable. Remaining monomer in solution contributes instead
to the growth of the already formed particles. However, as monomer concentration reaches
saturation, a redistribution of particle size, known as Ostwald ripening, can occur. Driven
by the energetic advantage of minimizing surface area, smaller particles decrease in size,
releasing monomer in solution which then contributes to the growth of larger particles. In
this way, particle size becomes polydisperse and therefore, it is desirable to terminate the
reaction before this stage is reached.

In order to understand how reaction conditions can in�uence nanocrystal characteristics
like shape and size, one must �rst understand the driving force for particle nucleation.
Nucleation occurs when the energetic advantage of lowering Gibbs free energy (the volumetric
term) outweighs the energetic penalty of forming new surfaces (the surface term). Assuming
spherical nuclei with radius r, the change in energy upon nucleation is given by:

4G(r) = −4

3
πr34Gv + 4πr2γ (1.9)
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Figure 1.6: Free energy change of nucleation of a spherical particle as a function of radius,
including volume and surface contributions. Figure adapted from �Phase Transformations
in Metals and Alloys.� 46

Where4Gv, the Gibbs free energy di�erence per unit volume between solid and monomer
in solution, is:

4Gv =
RT (lnC0 − lnC)

Vm
= −RT lnS

Vm
(1.10)

Where Vm is the molar volume of the crystal and S is saturation, the ratio of monomer
concentration in solution (C) to equilibrium monomer concentration (C0).

The r2 dependence of the surface term, r3 dependence of the volumetric term, and sum
of the two are shown in Figure 1.6. As r increases, the free energy of nucleation initially
increases, then decreases. The radius at this transition is the critical radius, r*, which
describes the minimum size of a stable nucleus in the system. Hence, a nucleus with radius
r<r* will immediately dissolve back into solution while one with r>r* will grow. r* can be
determined by setting the derivative of the Gibbs free energy of nucleation with respect to
r to zero and solving for r, yielding:

dG

dr
= −4πr24Gv + 8πrγ = 0 (1.11)

r∗ = −2γ
4Gv

=
2γVm
RT lnS

(1.12)

The critical nucleus size can thus be controlled by altering temperature and monomer
concentration, with higher temperatures and higher concentrations favoring smaller nuclei.

Temperature and monomer concentration also in�uence particle growth, as they deter-
mine whether thermodynamics or kinetics are favored.44 During thermodynamic growth,
particle shape is that which minimizes Gibbs free energy, and thus, Gsurf. When surface en-
ergy is isotropic, only surface area must be minimized leading to the formation of spherical
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particles. However, when crystal planes have di�ering surface energies, the equilibrium shape
will be one in which the product of surface energy and surface area is minimzed. This equi-
librium shape is often demonstrated by means of a Wul� construction. On the other hand,
in the kinetic regime, growth preferentially occurs at high energy facets, yielding metastable,
anisotropic shapes like nanorods. These two regimes can be accessed via control of temper-
ature and monomer concentration, with high temperature and low monomer concentration
favoring thermodynamic growth and low temperature and high monomer concentration fa-
voring kinetic growth.

1.4 Oxidation and Oxygen Defects

1.4.1 Thermodynamics of Oxidation

Because of the many oxidation states that exist and the ease by which oxidation state can
change, vanadium oxides are very sensitive to oxygen, readily transforming to a more or less
oxidized phase as oxygen partial pressure and temperature are varied. Ellingham diagrams
are a useful construct for gauging the stability of a material against oxidation, in which
the free energy change of an oxidation reaction, for example M + O2 = MO2, is plotted as
a function of temperature. From equation 1.1, it is clear that the slope of such a plot is
equal to -ΔS of the reaction and the intercept at T=0 is ΔH. As high entropy oxygen gas
is consumed in the reaction, the overall entropy change is negative, and thus the slope is
positive. In other words, oxides become less stable compared to their corresponding metals
or oxides with lower oxidation state as temperature increases. As entropy is only weakly
dependent on temperature, the slope is a constant straight line as long as the material phase
is kept constant (i.e., it doesn't melt or boil). Ellingham diagrams can be used to determine
the stable oxide at a given temperature and oxygen partial pressure. This is achieved by
drawing a straight line between the desired value of pO2 on the right axis of the graph and
the point labeled `O' left of the graph. The region through which the line passes at the
desired temperature is thus the stable phase under those particular conditions.

Figure 1.7 shows the Ellingham diagram for vanadium oxide. As this Ellingham diagram
is constructed with thermodynamic data for select bulk, stable oxides, it is not very useful
in for determining stability in metastable nanocrystals. However, a few helpful observations
can be made. At the oxygen partial pressure corresponding to air, V2O5 is stable through the
entire range of temperatures plotted. Therefore, it is the tendency of vanadium metal and
oxides of lower oxidation state to oxidize to V2O5 when stored in air, although the kinetics
of this process may be slow. Furthermore, oxides with lower oxidation state become stable
as oxygen partial pressure decreases and as temperature increases. These ideas will become
important in this dissertation as bixbyite nanocrystals are shown to oxidize readily in air.
In Chapter 3, oxidation and oxidation reversal will be demonstrated by control of oxygen
partial pressure and temperature, while in Chapter 4, the controlled oxidation of bixbyite
V2O3 at low oxygen partial pressures leads to the formation of nanocrystalline VO2, which
is then utilized for smart window applications.
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Figure 1.7: Ellingham diagram of the V-O system with dashed lines included for determina-
tion of oxide stability at pO2 = 0.21 (air), 10-5, and 10-10 atm. Adapted from Yamaguchi et
al.47

1.4.2 Oxygen Defects

When a point defect, such as a vacancy, forms in a material, both internal energy (enthalpy)
and entropy increase. The former is associated with changes in bonding while the latter is due
to an increase in number of possible atomic con�gurations in the crystal. The contribution of
con�gurational entropy dominates at low defect concentration, resulting in an initial decrease
then increase in Gibbs free energy with vacancy concentration. Therefore, defects are present
in all materials at some equilibrium concentration which depends on changes in enthalpy and
entropy associated with their formation.

Defects can be divided into two types- intrinsic or extrinsic. Intrinsic defects involve the
addition, loss, or misplacement of a constituent atoms of the crystal, while an extrinsic defect
forms as a result the addition of an impurity atom in the host crystal. Intrinsic defects can be
further characterized as either being stoichiometric, where the ratio of the constituent atoms
does not change, or nonstoichiometric, where it does. In all cases, both mass and charge must
be preserved as neither can be created or destroyed. Defect reactions are often described
using Kroger-Vink notation, where a defect is expressed with a main symbol, denoting the
defective element, a subscript, denoting the defect site, and a superscript, denoting the
e�ective defect charge. The following defect reaction describes the formation of an oxygen
vacancy:

Ox
O →

1

2
O2(g) + V ••O + 2e

′
(1.13)
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In the case where the host crystal contains cations with more than one stable oxidation
state, the following may occur instead:

Ox
O +Mx

M →
1

2
O2(g) + V ••O + 2M

′

M (1.14)

This demonstrates that the formation of an oxygen vacancy can either donate electrons to
the conduction band of the material, known as delocalized compensation, or reduce cations
in the host material, known as localized compensation, in order to maintain charge neu-
trality. For the formation of oxygen interstitials, these two compensation mechanisms are
demonstrated as follows:

1

2
O2(g)→ O

′′

i + 2h• (1.15)

1

2
O2(g) + 2Mx

M → O
′′

i + 2M•
M (1.16)

Where holes are donated to the valence band or vanadium atoms are oxidized. In the case
of vanadium oxides, the small energies associated with changes in oxidation state means that
localized compensation of oxygen defects is expected. Both oxygen vacancies and interstitials
will be discussed in this dissertation. In Chapter 3, the formation of oxygen interstitials in
bixbyite V2O3 upon air exposure will be discussed, while in Chapter 4, the formation of
oxygen vacancies in VO2 upon the application of a reducing electrochemical potential will
be discussed.

1.5 Dissertation Overview

This work focuses on two oxides of vanadium and their phase transformations. The �rst
is the metastable bixbyite phase of V2O3 synthesized in colloidal nanocrystal form and the
second is nanocrystalline VO2 in the monoclinic phase, prepared by the controlled oxidation
of bixbyite V2O3. In Chapter 2, a colloidal route to bixbyite V2O3 is presented. Synthetic
parameters such as reaction temperature and time are tuned to control shape and size,
respectively, while an aminolysis reaction mechanism is elucidated from Fourier transform
infrared spectroscopy data. The stability of the resulting phase is examined in both air and an
inert environment. Structural changes and weight gain upon air exposure suggest oxidation
readily occurs. When heated in inert gas, the bixbyite phase slowly transforms to corundum,
the bulk stable phase of V2O3, accompanied by particle coarsening. This coarsening and the
fact that higher temperatures are required to induce a phase transformation in nanoscale
bixbyite than in the bulk suggest that this is an instance in which stability is enhanced due
to surface energy e�ects.

In Chapter 3, the oxidation of bixbyite V2O3 nanocrystals is examined in more detail.
Rietveld re�nement of X-ray di�raction (XRD) data suggests that oxygen interstitials �ll the
inherently vacant 16c positions in the bixbyite lattice, which is also supported by static energy
mapping by density functional theory (DFT). The kinetics of the oxidation process and
resulting phase transformation are observed by in situ XRD. The resulting transformation
rates are �t to an Arrhenius relation, yielding an activation energy of about 1 eV for the

12



oxidation process. It is reasoned, and supported again by DFT, that the rate limiting step
of the process is oxygen di�usion. Surprisingly, the oxidation and phase transformation of
bixbyite is found to be reversible by annealing in inert gas at elevated temperature. The
low temperature and reversibility of oxidation suggest that bixbyite V2O3 could be useful
for oxygen storage applications.

In Chapter 4, V2O3 is oxidized at low oxygen partial pressures to yield VO2, which demon-
strates the characteristic MIT when heated and cooled. When electrochemically reduced, the
nanocrystalline �lm demonstrates a transition from IR transparent to IR blocking behavior,
as previously observed in ionic liquid gated thin �lms, followed by a unexpected transition
back to IR transparency as reduction continues. These optical changes are tracked in situ
via variable temperature spectroelectrochemistry and the di�ering optical states are charac-
terized by X-ray absorption and Raman spectroscopies. A shift in vanadium absorption edge
is observed, suggesting oxygen vacancy formation accompanies reduction. Extended X-ray
absorption �ne structure data suggests that the IR blocking state is structurally similar to
the monoclinic phase while the subsequent IR transparent phase is likely an entirely new
phase.

Finally, in Chapter 5, future work is suggested, including strategies to improve bixbyite
phase stability and to improve the performance of thermochromic smart windows made from
nanocrystalline VO2.
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Chapter 2

Synthesis and Phase Stability of

Metastable Bixbyite V
2
O
3
Colloidal

Nanocrystals

Reproduced in part with permission from Amy Bergerud, Ra�aella Buonsanti, Jean L. Jor-
dan Sweet, and Delia J. Milliron �Synthesis and Phase Stability of Metastable Bixbyite V2O3

Colloidal Nanocrystals� Chemistry of Materials 2013, 25, 3172-3179. Copyright 2013 by The
American Chemical Society.48

2.1 Introduction

The formation of metastable phases in metal oxide nanomaterials is a well documented
phenomenon, examples of which include the stabilization of gamma Al2O3, anatase TiO2,
and rhombohedral In2O3 below some critical size.31,36,33 This reversal in stability is thought to
be due to the increased in�uence of surface energy and surface stress at reduced dimensions,
which can overcome di�erences in the bulk Gibbs free energy. Reduction of size not only
allows for the tuning of structural and electronic properties of known materials, it can lead
to the discovery of entirely new structures that are thermodynamically unfavorable in the
bulk.31,49,34,50,51

Vanadium oxides are particularly intriguing when contemplating the stabilization of new
compounds and phases at the nanoscale. These technologically important materials are
studied for their unique optoelectronic, electrochemical, catalytic, and structural properties
and well as the property-altering phase transformations that can be thermally initiated in
several of the oxides.52�55 The high surface-to-volume ratio which alters the thermodynamics
of nanostructured vanadium oxides is also desirable in batteries and electrochromic devices,
where the intercalation of lithium ions is enhanced by increased surface area, and cata-
lysts, where an increase in active sites leads to improved catalytic activity.56�60 However, the
study of these transition metal oxides at the nanoscale is often complicated by the challenges
associated with their synthesis. The variety of oxidation states and coordination environ-
ments possible in binary vanadium oxide leads to a highly complex phase diagram and many
metastable phases, making it di�cult to obtain a desired phase.1 Several metastable phases
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have previously been reported in nanoscale vanadium dioxide, such as the structures known
as M2, A, and B, which also undergo phase transitions upon heating.61�63 The study of phase
stability in vanadium oxide is therefore a signi�cant, yet challenging problem, particularly
in nanostructures where size is expected to alter the thermodynamics of the system.

In comparison to the bulk, phase transformation temperature and kinetics are altered in
nanostructured vanadium oxides, as measured by structural, optical, magnetic, and electrical
means. Because of its unique properties and phase transformation near room temperature,
vanadium dioxide is the most widely studied of the vanadium oxides in terms of phase sta-
bility. As size is decreased, the number of structural defects, which serve as heterogeneous
nucleation sites for transformation, are invariably reduced. Indeed, the phase transformation
of vanadium dioxide, which occurs at 68°C in the bulk, exhibits reduced transformation tem-
peratures and increased hysteresis width as size is reduced, a result which is ascribed to a re-
duction in structural defects, although interfacial contributions likely a�ect the transition as
well.2,41,64,65 The stabilization of the metastable M2 phase has been demonstrated in strained
VO2 microbeams as well as in VO2 nanobeams grown in oxygen-rich conditions, while M2
nanoparticles can be stabilized by their deposition on certain substrates, demonstrating the
importance of strain and composition on phase stability.63,13,66 Magnetic characterization of
corundum V2O3, another vanadium oxide which experiences a phase transformation, shows
a gradual onset of antiferromagnetic ordering in nanocrystals, as compared to the sharp
transition observed in the bulk.67 The gradual nature is thought to be due to the large
particle size distribution, rendering it impossible to determine the size-dependence of transi-
tion temperature. Clearly, improved synthetic methods for vanadium oxide nanocrystals are
necessary in order to control factors such as strain, composition, and monodispersity, while
eliminating the in�uence of interfacial e�ects present in lithographic approaches.

Several approaches to producing nanostructured vanadium oxide have been reported in
the last decade, the majority of which yield anisotropic morphologies, namely nanorods,
nanowires, and nanoribbons. Isotropic nanostructures are reduced in an additional dimen-
sion as compared to 1D nanomaterials and therefore are more likely to exhibit phases unsta-
ble in the bulk. Unfortunately, synthetic routes to isotropic vanadium oxide nanostructures
are scarce and those that have been reported su�er from limited size control and particle
dispersibility, factors which have hindered in depth study of size-dependent phase stabil-
ity.59,41,67,68,43 A colloidal route to vanadium oxide nanocrystals is desirable due to the high
degree of size control that is possible with a well designed synthesis and the presence of a
ligand shell, which allows for dispersion in various solvents. Additionally, colloidal chemistry
allows for the tuning of chemical potential as an additional parameter in the controlling
phase stability.69 However, the published colloidal syntheses of vanadium oxides are limited
to amorphous nanoparticles, which crystallize to monoclinic VO2 only after a post-synthetic
annealing treatment, rendering them non-dispersible, and one example of V2O3 nanocrys-
tals, which occur in the corundum phase.70,71 A well controlled colloidal synthesis is therefore
necessary to begin to systematically understand in�uence of size on the stability of vanadium
oxides at the nanoscale.

Here we report a colloidal route to V2O3 nanocrystals with a cubic bixbyite structure,
a common phase for some main group metal oxides including In2O3 and Y2O3 as well as
mixed metal vanadates such as InVO3, but only recently observed in V2O3 as a metastable
phase.29,72 The synthetic conditions are varied to tune morphology from porous nano�owers
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to dense pseudospherical nanocrystals and the reaction and formation mechanism are ex-
plored. Over the course of several days and weeks, the nanocrystals oxidize slightly under
ambient conditions while retaining their bixbyite structure, only transforming to V3O7 at
250°C and to V2O5 at 400°C when annealed in air. When annealed in an inert atmosphere,
V2O3 bixbyite persists as a single phase up to 700°C, after which the structure begins to
transform to the corundum phase stable in bulk V2O3. This transformation occurs concur-
rently with slight particle coarsening of the nanocrystals.

2.2 Experimental Methods

2.2.1 Synthetic Methods

In a typical synthesis using standard Schlenk line techniques, a 50 ml three-neck �ask con-
taining 0.265 g (1 mmol) vanadyl acetylacetonate (Strem Chemicals, 98%), 1.07 g (4 mmol)
oleylamine (Sigma Aldrich, 70%), and 1.13 g (4 mmol) oleic acid (Sigma Aldrich, 98%) in
8 ml squalane (Sigma Aldrich, 99%) was degassed under vacuum at 110°C for 1 hour. The
mixture was then heated, under nitrogen �ow, to the desired growth temperature (between
310°C and 370°C) and held at this temperature for 1 hour. The nanocrystals were cleaned
by repeated �occulation with isopropanol and redispersion in hexanes.

2.2.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) was used to determine the size and morphology of
the nanocrystals. Nanocrystals dispersed in hexane were dropped onto a 400-mesh copper
grid covered with an ultrathin carbon �lm and allowed to dry. Low resolution images were
acquired using a JEOL-2100 microscope with a LaB6 �lament operating at 200 kV and
equipped with a Gatan digital camera. A JEOL-2100F FETEM microscope operating at
200 kV was used to capture high resolution images and electron di�raction patterns.

2.2.3 X-ray Di�raction

The structure and crystallite size were determined by X-ray di�raction (XRD). θ-2θ scans
were collected at room temperature using a Bruker D8-Advance x-ray di�ractometer equipped
with a GADDS area detector operating at the Cu Kα wavelength, 1.54 Å. Rietveld re�ne-
ment was completed using the GSAS-EXPGUI package, using data collected on a Bruker
D8-Advance X-ray di�ractometer in Bragg-Brentano geometry equipped with an air free
sample holder and point detector and also operating at the Cu Kα wavelength, 1.54 Å.73,74

Data for the re�nement was collected at room temperature with a step size of 0.01°. Peak
pro�les were �tted with a Pseudo-Voigt function and the background was �tted with a 24-
term shifted Chebyschev polynomial. Instrumental pro�le terms were determined by the
re�nement of a lanthanum hexaboride standard. In situ XRD patterns were collected while
annealing in a helium atmosphere at the National Synchrotron Light Source at Brookhaven
National Laboratory, beamline X20C. The nanocrystals were heated at a rate of 5°C/sec up
to the desired temperature then held for 20 minutes with simultaneous XRD data collection
by a linear diode array detector using a photon energy of 6.9 keV (λ = 1.797 Å).
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2.2.4 Additional Techniques

Fourier transform infrared spectroscopy (FTIR) measurements were done on a Perkin Elmer
Spectrum One FTIR Spectrometer equipped with a 45° ZnSe attenuated total re�ection
(ATR) crystal. The optical properties of the nanocrystals dispersed in tetrachloroethy-
lene (>99%, Aldrich) were analyzed with UV-Vis spectroscopy, using a Shimadzu UV-3600
dual beam spectrophotometer. Thermogravimetric analysis (TGA) was performed using a
Q5000IR thermogravimetric analyzer from TA Instruments.

2.3 Results & Discussion

2.3.1 The In�uence of Growth Temperature on Nanocrystal Mor-
phology

Low and high resolution TEM images of nanocrystals synthesized for 1 hour at di�erent tem-
peratures are shown in Figure 2.1, along with the corresponding electron di�raction patterns
which can all be indexed to the bixbyite phase. When synthesized at 310°C, the resulting
structure was that of a nano�ower with distinct �petals� and a porous internal structure. In
addition to nano�owers, small nanoparticles, 4 to 15 nm in size, were also produced, which
could be separated from the nano�owers by size-selective precipitation (Figure A.1). At
higher reaction temperatures, the particles were denser and by 370°C, the nanocrystals lost
all �ower-like qualities and appeared spherical. Highly faceted nanocrystals with truncated
octahedron morphology were apparent as a minority product in the yield obtained at the
highest reaction temperatures (Figure A.2). These, like the nano�owers, appear to also pos-
sess the bixbyite phase based on lattice spacing measured by high-resolution TEM. The high
temperatures necessary to form these faceted structures suggest that kinetic factors favoring
the nano�ower morphology must �rst be overcome before the nanocrystal can achieve this
presumably lower energy shape.
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Figure 2.1: Low (a, b, c) and high (g, h, i) resolution TEM images and electron di�raction
patterns (d, e, f) of nanocrystals synthesized at 310°C (a, d, g), 340°C (b, e, h), and 370°C
(c, f, i)

2.3.2 Determination of Nano�ower Growth Mechanism

To elucidate the nano�ower formation mechanism, reaction time was varied and the resulting
product was characterized by TEM. Figure 2.2 shows TEM images of nanocrystals synthe-
sized by holding the reaction temperature at 340°C for 0 minutes, 4 hours, and 24 hours.
Spherical particles, with an average diameter of 8.0 ± 1.9 nm, were obtained when a small
aliquot of reaction solution was rapidly quenched immediately after reaching 340°C (Figure
2.2a). The nano�ower morphology emerged with any amount of extended heating so that
it was not possible to quench the full reaction volume without �owers forming. Nano�ower
diameter was found to increase with heating time, with an average diameter of 18.5 nm ±

4.3 after 0 minutes at 340°C (Figure 2.2b), 19.4 nm ± 4.6 after 1 hour of heating (Figure
2.1b), 22.9 nm ± 6.8 after 4 hours (Figure 2.2d), and 32.4 nm ± 7.5 after 24 hours (Figure
2.2e)(Figure A.3). The number of small particles in the product also appeared to decrease
with heating time, suggesting that the growth of the �owers progressed by the attachment
of smaller particles and �owers.
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Figure 2.2: TEM images of nanocrystals heated at 340°C for a) 0 minutes followed by rapid
quench, b) 0 minutes followed by slow cooling, c) 4 hours, and d) 24 hours

The observation of smaller, more regular particles early in the reaction suggests that the
formation of nano�owers occurs by the nucleation and growth of primary nanocrystals in
the early stages of heating, followed by the aggregation of several primary crystals to form
�owers. This cluster-mediated growth mechanism has previously been postulated to explain
the formation of Au-Pd nano�owers.75 Under the given reaction conditions, the aggregation
was limited so that the maximum V2O3 bixbyite �ower size of around 30 nm in diameter was
rarely exceeded. Similar behavior has previously been observed in the formation of In2O3

nano�owers, also in the bixbyite phase. In that case, the aggregation process was thought
to result from insu�cient ligand coverage, so that the progression of growth stopped once
the ligands fully passivated the nano�ower surface.76 Indeed, we found that the addition
of excess oleic acid and oleylamine circumvented �ower formation; however the resulting
vanadium oxide nanoparticles were amorphous by XRD (Figure A.4).

2.3.3 Determination of Chemical Reaction Mechanism

The FTIR spectra of pure oleic acid and the nanocrystals isolated from the crude reaction
mixture are shown in Figure 2.3a and b, respectively. The peaks at 1550 cm-1 and 1450
cm-1 in Figure 2.3b can be assigned to the COO- symmetric and asymmetric stretching
bands, respectively, suggesting that oleate ligands are bound to the nanocrystal surface.77

The stretching band separation of 100 cm-1 is indicative of a chelating bidentate coordination
mode.78 The C=O stretch peak at 1700 cm-1, characteristic of protonated carboxylic acid,
in Figure 2.3a is not present in the nanocrystal spectrum, indicating that no free oleic acid
remains after puri�cation. The peaks at 2850 cm-1 and 2800 cm-1 in Figure 2.3b therefore
correspond to the methylene C-H symmetric and asymmetric stretch from the ligands rather
than free oleic acid. The peaks at 1000 cm-1, 850 cm-1, and at the edge of the scanning
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range (around 600 cm-1) of Figure 2.3b can be assigned to the V=O stretch of the terminal
bonds at the nanocrystal surface, V-O-V bridging stretch, and V-O stretch of the inorganic
core, respectively.79 In order to further analyze the reaction pathway, small aliquots were
collected at various stages during the heating and analyzed using FTIR. As shown in Figure
2.3e, absorbing peaks at 1616 cm-1 and 1586 cm-1 form after degassing for an hour at 110°C.
These peaks also appear when oleic acid is not present (Figure A.5) suggesting that a complex
forms between the oleylamine and vanadyl acetylacetonate during the degassing step. This is
also supported by a shift in the vanadyl acetylacetonate V=O stretch peak upon mixing with
oleylamine (Figure A.6), indicating a change in coordination environment.80 As the mixture
of reactants is heated further, the peaks at 1616 cm-1 and 1586 cm-1 decrease in intensity
and peaks located at 1644 cm-1 and 1557 cm-1 become apparent. These can respectively be
assigned to the C=O stretch and N-H bend of an amide, the byproduct of an aminolysis
reaction.77 These peaks are also present in the FTIR spectrum taken of the supernatant after
the �rst centrifugation in the cleaning process, shown in Figure 2.3d along with the spectra
for pure squalane for reference in Figure 2.3c. The case for an aminolysis reaction is further
supported by the fact that no product could be recovered when oleylamine was not present
in the reaction. The oleylamine is likely responsible for the reduction in vanadium oxidation
state from 4+ in the precursor salt to the �nal 3+ state in the sesquioxide. Supporting
this hypothesis, reducing the amount of oleylamine from 4 mmol to 2 mmol resulted in
mixed phase nano�owers with both bixbyite V2O3 and VO2(A) phases present (Figure A.7),
indicating an incomplete reduction of vanadium. When the reaction was performed without
oleic acid, the resulting nanocrystals, with an average diameter of 5 nm, exhibited broad
di�raction peaks which could not be indexed to any known vanadium oxide phase (Figure
A.8). Speci�c amounts of both oleic acid, which acts as the primary surface-capping agent,
and oleylamine, the reducing and initiating agent, are therefore required in order to produce
the bixbyite phase. The following structural studies were therefore performed on nanocrystals
synthesized using 4 mmol oleic acid and 4 mmol oleylamine, a reaction temperature of 370°C,
and a reaction time of 1 hour.
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Figure 2.3: FTIR spectra of a) pure oleic acid, b) clean V2O3 nanocrystals, c) pure squalane,
d) the supernatant collected during the �rst cleaning step, and e) the reaction mixture
collected at various temperatures during heating, with oleylamine-precursor complex peaks
marked with dotted line and amide byproduct peaks marked with solid line

2.3.4 Rietveld Re�nement of Bixbyite Structure

The XRD patterns of the as-synthesized nanocrystals could all be assigned to the bixbyite
phase of V2O3, regardless of reaction time and temperature. In addition to the new bixbyite
phase, V2O3 is known to exist in two other phases: The corundum phase, which is metallic,
paramagnetic, and stable under normal conditions, and an insulating, antiferromagnetic,
monoclinic phase, which is stable below 170 K.2,81,22,23 The bixbyite structure is closely
related to the �uorite structure, consisting of 8 �uorite unit cells with a quarter of the
oxygen anions removed in an ordered manner. The presence of structural oxygen vacancies
result in a slight shift in cation and anion position compared to �uorite. Cations in the
bixbyite structure occupy two di�erent octahedral lattice sites, the 8d and 24d Wycko�
positions, which di�er in terms of the position and symmetry of the surrounding structural
vacancies.82 The bixbyite and corundum structures of V2O3 are shown in Figure 2.4a and b.
Weber et al. was this �rst to report the crystallization of bulk V2O3 in the bixbyite structure
by reacting vanadium tri�uoride with forming gas at elevated temperatures.29 However, their
bixbyite could not be isolated as a pure phase and reverted to VO2 within 3 weeks of exposure
to air. The synthesis of porous V2O3 urchin-like micronanostructures with a bixbyite crystal
structure was also recently reported by Xu et al.72 In both cases, the structures were found
to rapidly transform to corundum phase upon heating in an inert atmosphere at around
550°C and 540°C, respectively. A Rietveld re�nement was performed in order to con�rm the
bixbyite structure and compare the structural parameters with previous reports. The results
of the re�nement are shown in Figure 2.4c and Table A.1 in Appendix A. The bixbyite-type
structure was found to exist as a pure phase, with space group Ia-3 and a lattice parameter
of 9.363 Å. The quality of the re�nement was evaluated by the weighted residual error (Rwp
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= 2.31%) and goodness of �t indicator (χ2 = 2.339). The calculated lattice parameter is
smaller than the value of 9.395 Å previously reported by Weber et al. Lattice contraction
in nanocrystal oxides is unusual, with most exhibiting an increase in lattice parameters
ascribed to enhanced bond ionicity at the nanoscale.83�85 This can be also understood in
the context of the competing in�uences of Madelung energy, resulting in lattice expansion in
�nite sized ionic materials, and surface stress, causing lattice contraction in materials with
covalent bonding. The degree of bond ionicity (or covalency) therefore governs the change
that is observed in lattice parameter as size is reduced. Lattice contraction was previously
observed in anatase TiO2 nanocrystals, which the authors attributed to positive surface
pressure due to surface hydration.86 In the present case of bixbyite V2O3, it is di�cult to
provide a de�nitive explanation considering that the structural parameters of the bulk are
still not well established.

Figure 2.4: a) V2O3 bixbyite and b) corundum crystal structures. c) XRD pattern of V2O3

bixbyite nanocrystals with results of Rietveld re�nement. Raw data is marked with black
crosses, the �t after re�nement is marked by the red line, and the gray line shows the
di�erence between the two. Calculated peak locations are indicated by the gray marks.

2.3.5 Determination of Optical Band Gap

Very recently, a theoretical direct band gap of 0.75 eV for bixbyite V2O3 was reported.
87 We

used UV-Vis spectroscopy to determine absorbance as a function of wavelength for particles
suspended in tetrachloroethylene. Using this data, a Tauc plot was computed. Brie�y, (αhν)2

22



was plotted as a function of energy and the linear region was extrapolated to the x-axis in
order to determine the band gap of the bixbyite nanocrystals (Figure A.9). Based on this
analysis, a direct band gap of 1.29 eV was derived. The large blue shift in band gap as
compared to the theoretical value may be due to quantum con�nement e�ects. The average
petal diameter approaches the exciton Bohr radius of bixbyite In2O3, estimated to be between
2.6 and 5 nm.88 Another factor that could contribute to the strongly blue shifted band gap
would be a substitutional charge carrier concentration, which could arise, for example, from
an abundance of oxygen vacancies. These preliminary observations suggest that the details
of the V2O3 bixbyite nanocrystal electronic structure deserve more investigation.

2.3.6 Phase Stability in Air

Recalling that bulk V2O3 in the bixbyite phase readily oxidizes to VO2 at room temperature,
XRD patterns were taken at various times after synthesis and �lm deposition to assess the
phase stability of our V2O3 nanocrystals in air.

29 The inset in Figure 2.5a shows the position
of the (222) re�ection of the bixbyite phase as a function of exposure time in air at room
temperature. A slight shift in peak position to lower 2θ values is apparent over time, shifting
by approximately 0.2° after 3 months of air exposure. Analysis of the full XRD scan, shown
in Figure 2.5a, shows that this shift occurs for all peaks, indicating a uniform expansion in
lattice. A decrease in intensity of many of the bixbyite peaks is also apparent after several
months, while the peaks corresponding to the �uorite (111), (200), (220), and (311) planes
are largely unchanged. This suggests that the lattice becomes less distorted with time, with
the vanadium atoms shifting to lattice positions closer to that of the �uorite structure, as
shown in Figure 2.5c. We believe this could be caused by the �lling of structural oxygen
vacancies in the bixbyite lattice, a behavior that has also been observed in isostructural
indium and scandium orthovanadates under oxidizing conditions.89,90 For example, in situ
XRD observation of air oxidation in bixbyite InVO3 displayed a peak shift to lower 2θ starting
at 150°C, indicating the onset of oxygen uptake, and then a large shift at 225°C, indicating
the formation of a new metastable defective �uorite phase with the formula InVO3.5+x.89 At
400°C the structure transformed to the InVO4 zircon structure. Similar structural changes
were observed during the oxidation of ScVO3.

90 The oxidation of the bixbyite phase is also
observed in the cerium oxide system with bixbyite Ce2O3 readily transforming to �uorite
CeO2 under oxidizing conditions, made possible by the facile conversion between cerium
oxidation states.91 It has been suggested that this oxidation, which occurs quickly in bulk
material, may be slowed or completely prevented in Ce2O3 nanoparticles due to enhanced
stability of the trivalent oxide at reduced sizes.92 In contrast to the observed behavior of
vanadium oxide, the cerium oxide lattice contracts upon oxidation, due to an increased ionic
attraction between the 4+ cation and oxygen anion, as compared to the 3+ ion.93,94 In the
case of vanadium oxide, the bonding is approximately 34% ionic, as calculated from Pauling's
empirical relationship relating electronegative values to degree of ionic character. The bond
ionicity of vanadium oxide may therefore have less of an e�ect on the equilibrium lattice
constant than in the case of ceria which was calculated to be 44% ionic. Any attractive
force between ions in the lattice is likely overcome by the in�uence of lattice strain caused
by the addition of oxygen, resulting in the expansion of the lattice and slight rearrangement
of atoms in the unit cell.
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Figure 2.5: XRD pattern of as synthesized bixbyite nanocrystals (black) and nanocrystals
stored in air for 88 days (red), inset: XRD pattern centered at bixbyite (222) peak as a
function of storage time in air. b) TGA scan of bixbyite nanocrystals heated in air at 100°C
for 64 hr, inset: XRD pattern centered at bixbyite (222) peak as a function of annealing time
in air at 100°C. c) Bixbyite and �uorite crystal structures viewed from the [100] direction,
demonstrating transformation from more to less distorted structure as oxygen vacancies
(marked by dotted lines) become �lled. Only one eighth of the bixbyite lattice is shown for
clarity.
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To further elucidate the behavior of our V2O3 bixbyite nanocrystals under oxidizing
conditions, their mass was monitored while annealing at 100°C under air �ow. Figure 2.5b
shows an increase in weight of approximately 0.5% after 6 hours of heating, corresponding
to the �lling of about 1 of the 16 structural vacancies in each bixbyite unit cell. Upon
further annealing at 100°C the weight continued to increase, eventually leveling o� to a
constant value after about 48 hours. The inset in Figure 2.5b shows the position of the
(222) bixbyite peak as a function of annealing time in air at 100°C, exhibiting a similar shift
in the �rst 6 hours of annealing as seen in the samples stored under ambient conditions for
several months. However, XRD of the nanocrystals annealed for 12 or more hours indicates a
transformation to an unidenti�ed structure, exhibiting splitting of the former (222) bixbyite
peak and the formation of several new peaks at higher 2θ. This transformation did not
reverse upon annealing in forming gas at 100°C. Annealing in air at higher temperature
resulted in additional oxidative transformation. At 250°C, the nanocrystal �lm oxidized to
V3O7, and at 400°C, the material fully oxidized to V2O5. The resulting V2O5 materials did
not retain the nano�ower morphology, and instead sintered into micron-sized particles. This
phase and morphology change was followed by XRD and TEM as shown in Figure A.10.
Overall, the V2O3 bixbyite phase of our nanocrystals was far more stable against oxidation
than the previously reported bulk material, requiring signi�cant heating in air to induce
progressive oxidative phase transformations.

2.3.7 Phase Stability in an Inert Atmosphere

For oxide nanocrystals, there often exists a critical size below which the lower surface energy
phase is stable and above which the lower bulk Gibbs free energy phase is stable.31,36,33

When nanocrystals are heated, particle coarsening can occur, causing a decrease in surface
area and triggering a transformation from the metastable phase found in nanocrystals to
the bulk stable phase. To assess their phase stability and monitor the onset of any phase
transformations, the bixbyite nanocrystals were heated in an inert atmosphere (to avoid
oxidation) and characterized by in situ x-ray di�raction. Figure 2.6 shows peak intensity
in a portion of the 2θ range, containing the (440) bixbyite peak and (116) corundum peak,
as a function of time at 800°C (Figure 2.6a), 850°C (Figure 2.6b), and 900°C (Figure 2.6c),
after heating from room temperature. While holding at these temperatures, the bixbyite
nanocrystals begin to transform to corundum phase, with the onset of the transformation
occurring after an incubation period of approximately 10 minutes, 3 minutes, and less than
1 minute of heating, respectively. The transformation is irreversible in that the structure
does not revert back the bixbyite phase upon cooling. Rather, the corundum phase persists.
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Figure 2.6: In situ XRD pattern of V2O3 bixbyite nanocrystal �lm heated to a) 800°C b)
850°C, and c) 900°C. The location of the bixbyite (440) peak is labeled �bix� and the location
of the corundum (116) peak is labeled �cor.�

The progression from bixbyite to corundum can be further understood by comparing the
full θ-2θ scans over the course of the transformation (Figure 2.7). The peak widths of the as-
deposited, partially transformed, and fully transformed samples were subjected to a Scherrer
analysis to assess the critical size for phase transformation. Due to the similarity in peak
positions of the two phases, only 2 regions were analyzed to determine the crystallite size
before, during, and after transformation: the (211) bixbyite peak and (012) corundum peak
at around 23° and 24°, respectively, and the (116) corundum peak and (440) bixbyite peak at
around 53° and 55°, respectively. An average crystallite size of 14.5 nm was determined for
the as-deposited bixbyite sample. This size is larger than the primary particles that aggregate
and fuse together to make up the dense pseudospherical nanocrystals, but smaller than the
nanocrystals themselves, indicating a partial degree of oriented attachment among the �ower
structures in the initial stages of formation, resulting in polycrystalline nanocrystals upon
densi�cation. This is consistent with observations by TEM (Figure 2.1). After heating the
sample for 30 minutes at 700°C in argon, both bixbyite and corundum phases are present
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in the sample. The bixbyite peak width corresponds to a crystallite size of 16 nm, which is
very similar to the size before the onset of transformation. The corundum peak, however,
corresponds to a crystallite size of 27 nm, which is within the measured size range of the
nanocrystals. Therefore, it can be inferred that the �rst particles to transform are the
larger, fully lattice-oriented nanocrystals. This is likely followed by the transformation of
the crystals that have undergone atomic rearrangement along non-oriented grain boundaries
to reach the critical size. After 1 hour at 700°C, the bixbyite peak has diminished such that it
is still visible yet it is impossible to reliably determine the peak broadening. The corundum
peak width for this sample corresponds to a crystallite size of 40 nm, nearly twice the average
diameter of the as synthesized bixbyite nanocrystals, indicating that some degree of particle
coarsening has occurred during the course of the transformation. After 2 hours at 700°C,
the sample is fully transformed to corundum phase, with peak widths corresponding to an
average crystallite size of 42.5 nm, signifying that very little additional coarsening occurs
between 1 and 2 hours of annealing.

Figure 2.7: XRD pattern of the a) as-deposited bixbyite nanocrystal �lm, partially trans-
formed samples containing both bixbyite and corundum phases after annealing in argon at
700°C for b) 30 minutes and c) 1 hour, and d) fully transformed corundum phase after 2
hours of annealing in argon at 700°C. The XRD patterns for the bulk bixbyite and corundum
phases of V2O3 are shown at the bottom of the image in red and blue, respectively. The
regions containing the bixbyite (211) and corundum (012) peak, and the region containing
the bixbyite (440) and corundum (116) peak are highlighted in gray.

Based on this analysis, the critical size for transformation from bixbyite to corundum
V2O3 is estimated to be between 27 and 42 nm. This is within the range of previously
reported critical sizes for other metastable oxide nanocrystals; however these values are not
always well established. For example, while thermodynamic analysis of the stability of TiO2

predicts a critical size for the anatase to rutile conversion of 14 nm, experimental results
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vary from agreement to as high as 45 nm.36,95�97 Clearly, size is not the only critical factor
in determining phase stability. Factors that di�er based on preparation method, such as the
ligand binding environment and particle morphology, which in turn a�ect surface stress, are
also signi�cant. Nevertheless, the high temperatures necessary to induce transformation as
well as the slow kinetics of the transformation suggest that the bixbyite phase of our V2O3

nanocrystals has a signi�cantly lower surface energy compared to the corundum phase.

2.4 Conclusions

We have synthesized pure phase V2O3 bixbyite nanocrystals, a metastable phase of vanadium
oxide discovered in 2011. The nano�ower morphology of the particles was shown to be
tunable with reaction temperature, densifying to spherical particles when synthesized at
370°C. The growth and reaction mechanisms of the colloidal synthesis were discussed and it
was determined that an aminolysis reaction takes place. The phase stability in air at room
temperature and elevated temperatures was explored. The particles stored under ambient
conditions experienced an expansion in lattice constant, which we attributed to oxygen �lling
of structural vacancies within the bixbyite lattice. The onset of transformation to the bulk
stable corundum phase was shown to occur over the coarse of about an hour at 700°C and
over the coarse of about a minute at 900°C, indicating that the transformation kinetics are
highly dependent of temperature. A Scherrer analysis of peak widths at di�erent stages of
the transformation led us to estimate a critical size for transformation between 27 and 42
nm. Our results motivate further investigation of the electronic properties of bixbyite V2O3

and of the interplay of size and structure in vanadium oxides more broadly.
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Chapter 3

Oxygen Incorporation and Release in

Metastable Bixbyite V
2
O
3
Nanocrystals

Reproduced in part with permission from Amy Bergerud, Sverre M. Selbach, and Delia
J. Milliron �Oxygen Incorporation and Release in Metastable Bixbyite V2O3 Nanocrystals�
ACS Nano 2016. 10, 6147-6155. Copyright 2016 by The American Chemical Society.98

3.1 Introduction

The oxides of vanadium are known for both their structural complexity and fascinating prop-
erties, as manifested in the many stable and metastable phases and phase transitions that
exist in these materials. Vanadium sesquioxide (V2O3) is one such oxide, transforming from
the antiferromagnetic, insulating monoclinic phase to the paramagnetic, metallic corundum
phase at 170 K.2,22,23 This phase transformation is of great fundamental importance due to
its model Mott-Hubbard transition behavior.28 Recently, a metastable phase of V2O3 with a
cubic, bixbyite structure was discovered.29 This new polymorph has since been the subject
of several studies, both fundamental and applied, including its proposed use as a p-type con-
ductor and battery electrode.99,72 Synthesizing V2O3 nanocrystals stabilizes the metastable
phase and allowed us, in 2013, to prepare phase pure bixbyite.48 Using our colloidal syn-
thetic method, we now demonstrate low temperature, reversible oxidation and reduction of
bixbyite V2O3 nanocrystals, a phenomenon which could be harnessed for oxygen storage.

The bixbyite structure has a body-centered cubic lattice with space group Ia-3. Often
described as anion de�cient �uorite, bixbyite is comparable to a 2 x 2 x 2 �uorite super-
cell with a quarter of the anions removed, as demonstrated in Figure 3.1. These vacated
sites are the 16c Wycko� positions in the Ia-3 space group, which are inherently un�lled in
bixbyite.82 Cations in the bixbyite structure populate two symmetry inequivalent positions-
the 8b and 24d Wycko� positions, otherwise known as b- and d-sites, while anions populate
the 48e positions for a total of 80 atoms in the unit cell. Bixbyite is the stable polymorph of
several M2O3 type oxides, including indium oxide, yttrium oxide, and manganese oxide. As
a vanadium oxide, this phase was found to be metastable, transforming to the bulk stable
corundum phase of V2O3 upon heating in an inert atmosphere. Since the initial discovery of
bixbyite V2O3, several papers have been published on the subject, but only three synthetic
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routes to the bixbyite polymorph have been reported as of yet. Weber et al. synthesized a
mixture of corundum and bixbyite V2O3 from the reduction of vanadium tri�uoride at 600°C
in water saturated forming gas.29 This mixture was observed to transform to pure corun-
dum phase upon heating to 550°C in argon. Xu et al. formed bixbyite with an urchin-like
morphology through the thermal decomposition of vanadyl ethylene glycolate.72 Transfor-
mation to corundum occurred upon heating in argon at 540°C in this instance. Lastly, we
previously reported a colloidal route to bixbyite nanocrystals (NCs) with enhanced stability
relative to its bulk counterparts.48 Transformation to corundum proceeded slowly over the
course of about 1 hour when held at 700°C, and was accompanied by particle coarsening.
This enhanced stability was reasoned to be due to the non-negligible e�ect of surface energy
on Gibbs free energy at the nanoscale, a well-known phenomenon in nanocrystals.31,36,32 The
suspected lower surface energy of bixbyite is thought to alter the relative energetics of the
two phases, potentially favoring bixbyite over corundum below some critical size.

Figure 3.1: Bixbyite unit cell with b- and d- sites marked with green and blue polyhedra,
respectively. b) The undistorted �uorite structure is shown for comparison. Cations are
colored purple and anions are red, while black lines mark the border of the unit cell in each
structure. All crystal structure �gures were created using VESTA.100

In addition to experimental reports, several theoretical studies on bixbyite V2O3 have
been published in recent years, including calculations of electronic and magnetic proper-
ties, intrinsic and extrinsic defects, and phase stabilities. Using GGA+U and hybrid den-
sity functional theory (DFT) calculations, Wessel et al. compared the energetics of the
known polymorphs of V2O3 along with other defective �uorite-type structures, con�rming
the metastable nature of the bixbyite polymorph.87 Antiferromagnetic ordering minimized
the energy of the system and led to the formation of a band gap, properties which were
con�rmed by previous experimental work by the same group.29 Sarmadian et al. recently
published a detailed study on p-type dopants in bixbyite.99 Using a hybrid HSE06 functional,
magnesium was found to be a shallow acceptor and therefore Mg-doped bixbyite is theorized
to be a p-type conductor. Vanadium vacancies were also found to be shallow acceptors and
may also result in p-type conductivity. To understand the very low oxygen partial pressures
required to stabilize the bixbyite phase in their group's previous work,29 Reimann et al. also
used DFT, with both GGA and hybrid functionals, to study intrinsic defects in bixbyite.101

The formation of oxygen interstitials in the 16c Wycko� position was found to be favorable
under ambient conditions, and an oxygen partial pressure of 10-17 bar was estimated to be
required to thermodynamically favor the formation of stoichiometric bixbyite under their
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reaction conditions. In our previous publication, we noted a change in crystal structure of
bixbyite V2O3 nanocrystals upon air exposure, thought to be due to oxidation.48

Here, we explore the oxidation of bixbyite nanocrystals in detail, using in situ x-ray
di�raction (XRD) to observe structural changes in real time and complementing the experi-
mental �ndings with DFT calculations. The oxidation process is found to be reversible upon
heating in inert atmosphere at moderate temperatures (>325°C), thereby establishing the
possibility for use in low-temperature oxygen storage applications, where oxygen is reversibly
stored and released, e.g. for gas separation or to carry out catalytic processes.102�104

3.2 Experimental Methods

3.2.1 Synthetic Methods

In a typical synthesis using standard Schlenk line techniques, a 50 ml three-neck �ask con-
taining 0.265 g (1 mmol) vanadyl acetylacetonate (Strem Chemicals, 98%), 1.07 g (4 mmol)
oleylamine (Sigma Aldrich, 70%), and 1.13 g (4 mmol) oleic acid (Sigma Aldrich, 98%)
in 8 ml squalane (Sigma Aldrich, 99%) was degassed under vacuum at 110°C for 1 hour.
The mixture was then heated, under nitrogen �ow, to 370°C and held at this temperature
for 1 hour. The nanocrystals were cleaned by repeated �occulation with isopropanol and
redispersion in hexanes or toluene.

3.2.2 Transmission Electron Microscopy

Nanocrystals were drop cast onto silicon nitride grids from a dilute suspension in hexanes
and allowed to dry. Grids were heated in air at 125°C for 2 hours to transform to the oxidized
phase, then annealed in nitrogen at 325°C for 1 hour to reduce. Low resolution images were
acquired using a JEOL-2010F microscope with a Schottky �eld emission gun operating at
200 kV and equipped with a CCD camera.

3.2.3 X-ray Di�raction

Nanocrystals in hexanes were drop cast onto silicon substrates to create �lms. These �lms
were annealed in a Thermo Scienti�c Lindberg Blue M Mini-Mite tube furnace open to air at
125°C for 0, 10, 20, 30, 40, and 50 minutes, resulting in increasing levels of oxidation. XRD
patterns of these �lms were collected at the Stanford Synchrotron Radiation Lightsource
on beamline 2-1. The di�ractometer, equipped with Huber 2-circle goniometer and a high-
resolution crystal-analyzer detector, was operated at 12 keV (λ = 1.033 Å) in re�ection mode
with the sample under helium �ow. Scans were obtained between 2θ = 10° to 44° with a
step size of 0.01° and time per step of 1 second. Scans were repeated 3 times then averaged.
Rietveld re�nement was performed on the data using the TOPAS 4.2 program.

3.2.4 In situ X-ray Di�raction

In situ XRD was performed on beamline X20A at the National Synchrotron Light Source at
Brookhaven National Laboratory. The di�ractometer was operated in re�ection mode, with
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a molybdenum sample heater, at an energy of 8.0645 keV (λ = 1.537 Å). Real time scans
were collected using a 640-pixel linear detector centered at Q = 2.25 Å-1 and positioned
such that a Q range of 1.4 Å-1 was surveyed during oxidation, corresponding to a resolution
of 0.0022 Å-1/pixel. Oxidation was observed while the sample was open to air and heated
to temperatures between 100 and 170°C. To observe the reduction of bixbyite, a beryllium
dome was a�xed to the stage and purged with helium. Samples were then heated to between
250 and 400°C. Integration time varied between 1 to 5 seconds, depending on the speed of
transformation, and continued over the course of transformation.

3.2.5 Thermogravimetric Analysis

TGA was done using a Mettler Toledo TGA/DSC 1. To prepare the samples, several mil-
ligrams of clean nanocrystals in hexanes were drop cast into alumina crucibles and the solvent
was allowed to evaporate. Experiments were run in nitrogen or air at a �ow rate of 50 ml/min
and temperature ramp rate of 20°C/min.

3.2.6 X-ray Photoelectron Spectroscopy

XPS measurements were done using a Kratos Axis Ultra DLD X-ray photoelectron spec-
trometer with an aluminum X-ray source. The spectrometer was equipped with a series
of chambers and a capsule, known collectively as ROX interface, which allow for air-free
transfer from a glove box. XPS spectra were calibrated to the O 1s peak at 530 eV following
the method of Silversmit et al.105 High resolution spectra of the V 2p3/2, V 2p1/2, and O 1s
peaks were acquired for samples annealed in air at 125°C, then analyzed using the CasaXPS
software package. The peak at ~527 eV corresponds to a vanadium satellite while the peak
at ~532 eV can be assigned to the oxygen-containing oleate ligands bound to the surface of
the nanocrystals.105,106

3.2.7 Density Functional Theory

DFT107,108 calculations were performed using the Vienna Ab initio Simulation Package
(VASP) with a plane-wave basis set expanded up to a cuto� energy of 550 eV.109,110 The
projector augmented wave (PAW) method was used, treating 13 valence electrons for vana-
dium (3s23p64s23d3) and 6 valence electrons for oxygen (2s22p4).111,112 Exchange-correlation
e�ects were treated within the GGA+U formalism, employing the PBEsol functional113. As
in previous publications, the Liechtenstein correction scheme, with U=2.8 and J=0.93, was
initially applied to vanadium 3d states during preliminary testing and static energy map-
ping. Later, for the nudged elastic band and defect formation energy calculations, a Dudarev
scheme with a Hubbard U value of 2.2 eV was used as it was found to more accurately de-
scribe the relative energetics and band structure of the V2O3 phases, as shown in Figure B.8.
For the 80-atom bixbyite unit cell, Brillouin zone integration was done on a Γ-centered 3x3x3
k-point mesh, while 4x6x6 and 6x6x2 k-meshes were used for the monoclinic and corundum
phases, respectively. Spin-polarized calculations were done with antiferromagnetic ordering
of vanadium 3d electrons for the monoclinic and bixbyite polymorphs. Atom positions were
relaxed until residual forces became less than 0.01 eV/Å and the Birch Murnaghan equation
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was used to obtain the equilibrium lattice parameter.114 The transition path for oxygen in-
terstitial di�usion was explored without spin polarization using the climbing-image nudged
elastic band method.115,116 Atom positions within each image were relaxed until the forces
became less than 0.03 eV/Å. Further details on DFT calculations are included in Appendix
B.

3.3 Results

3.3.1 Structural Changes in Bixbyite V
2
O

3
Upon Oxidation

Upon exposure to air, the crystal structure of the bixbyite nanocrystals changes gradually
over the course of weeks at room temperature, as observed by XRD. The change is acceler-
ated at higher temperatures, occurring over the course of approximately an hour at 125°C,
eventually resulting in a phase transformation to an unknown phase of vanadium oxide with
no obvious changes in particle shape and size (Figure 3.2a & b, Figure B.1). Before this trans-
formation occurs, XRD peaks shift to lower Q values while some peaks decrease in intensity,
suggesting lattice expansion and changes in atomic positions, respectively. This evolution is
shown for samples heated in air at 125°C, by both ex situ and in situ XRD, in Figure 3.2c,
d, & e. To support this interpretation, Rietveld re�nement was performed on XRD scans
of bixbyite NCs annealed in air at 125°C for 0, 10, 20, 30, and 40 minutes (Figure B.2).
These results, shown in Figure 3.2f, con�rm that the cubic lattice parameter increases while
vanadium located in the 24d Wycko� positions in bixbyite shift location within the unit cell
with increasing annealing time. This shift in vanadium position can also be described as the
structure becoming more ��uorite-like,� an indication that the vacant 16c Wycko� positions
may be �lled by oxygen interstitials during the process. Thermogravimetric analysis (TGA)
also shows an increase in weight when bixbyite is heated in air yielding further con�rmation
of oxygen insertion into the bixbyite lattice.48
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Figure 3.2: Transmission electron microscopy images of bixbyite NCs a) as synthesized and
b) after annealing at 125°C in air for 2 hours. c) XRD scans of bixbyite annealed in air at
125°C for 0, 10, 20, 30, 40, and 50 minutes (with impurity peaks from the Si substrate marked
with *) with d) a zoomed in image of the (222) peak, e) in situ XRD pattern centered at
the (222) bixbyite peak held at 125°C in air, and f) results of Rietveld re�nement for �lms
annealed at 125°C for 0, 10, 20, 30, and 40 minutes showing lattice parameter (left/black)
and position of the d-site vanadium (right/red) as a function of annealing time.
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3.3.2 Static DFT Mapping of Oxygen Interstitial Sites

Static DFT calculations were used to map the energy landscape of the likely interstitial
oxygen positions in the bixbyite unit cell. The total energy of the system upon moving
one interstitial oxygen along channels parallel to the edge, face diagonal, and body diagonal
of the bixbyite unit cell was calculated and the results are shown in Figure 3.3. Since
test calculations revealed that the trends in interstitial oxygen position were insensitive to
magnetic order and spin polarization (Figure B.9), these parameters were not included in
the calculations to reduce computational cost.

Figure 3.3: Energy of the bixbyite unit cell with an oxygen interstitial placed along channels
parallel to the a) cube edge, c) face diagonal, and e) body diagonal, referenced to minimum
energy value. Channels marked in structures below (b, d, f). Positions are indicated in terms
of fractional coordinates in the cubic unit cell.

As expected, and previously assumed without energy mapping in other work, the most
stable positions for oxygen interstitials are the inherently vacant 16c Wycko� positions in
the Ia-3 space group.101 This is evident from the minima found at the fractional coordinates
(0.15, 0.15, 0.15) and (0.35, 0.35, 0.35) in Figure 3.3e. A mirrored version of the trend was
observed along the second half of the body diagonal (between the body center and opposite
cube corner), with minima also existing at (0.65, 0.65, 0.65) and (0.85, 0.85, 0.85). These
16c sites can also be described as those in which oxygen is vacant relative to the �uorite
structure, therefore these results support the experimental observation that the bixbyite
crystal structure becomes more similar to �uorite upon oxygen incorporation.
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3.3.3 Charge Compensation by Local Oxidation of Vanadium

To maintain charge neutrality upon oxidation, the incorporation of negatively charged oxygen
interstitials must be followed by the creation of holes in the vanadium sublattice due to
internal charge transfer from vanadium to oxygen. Holes in the vanadium sublattice can
either be localized on a vanadium cation and give rise to p-type polaronic conduction, or
delocalized in the valence band, yielding a strongly correlated p-type metal. Given the
small energy di�erences between vanadium oxidation states, localized charge compensation
at vanadium lattice sites is expected, in which two vanadium atoms oxidize for every oxygen
interstitial present, as shown in Kröger-Vink notation below.

2V X
V +

1

2
O2(g)→ 2V ·V +O

′′

i (3.1)

Indeed, X-ray photoelectron spectroscopy (XPS) con�rms the presence of V4+ following
air exposure. This is evident by a second peak contribution within the envelope of the V 2p
doublet, which increases in intensity with annealing time at 125°C in air (Figure 3.4).
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Figure 3.4: XPS scans of bixbyite �lms annealed in air at 125°C for 0, 5, 15, 30, and 90
minutes. The contribution of vanadium in the 3+ and 4+ oxidation states is indicated by
the green and blue peaks, respectively.

3.3.4 Kinetics of Oxidation and Phase Transformation

The course of the bixbyite oxidation process that ultimately leads to phase transformation
was followed in detail by carrying out in situ XRD experiments, like that shown in Figure
3.2e, at several temperatures. Figure 3.5a maps the position of the (222) di�raction peak
from this data as a function of annealing time at 100°C, 125°C, and 150°C. The rate of
peak shift, and therefore volume expansion, increases with temperature up to the point of
transformation, where the single peak at Q ≈ 2.3 Å-1 splits into a peak and shoulder. No
further structural changes are observed after this transition. Figure 3.5b shows weight gain,
monitored by TGA, in bixbyite nanocrystals as a function of time under the same annealing
conditions as in situ XRD. As temperature is increased, weight gain occurs at a faster rate.
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However the percentage of weight gain at transformation, determined from the maximum
change in shoulder peak intensity (Figure B.3) and marked with green circles in Figure 3.5a
& b, is independent of annealing temperature. This suggests that the transformation is
triggered once a critical oxidation level is reached. Taking the lattice as cubic up to the
point of transformation and ascribing all weight gain to oxygen interstitial incorporation,
in situ XRD and TGA data can be combined to track unit cell volume as a function of
oxygen interstitial concentration. A nonlinear trend is apparent with increasing expansion
as oxidation proceeds (Figure 3.5c). The trend is consistent for annealing at 100°C and
125°C, while the data appear slightly shifted for 150°C annealing. We attribute this shift
to partial oxidation during the ramp to 150°C, which would result in an underestimation
of oxygen interstitial content. Based on the weight gain of about 1.8% at transformation,
it can be reasoned that the bixbyite lattice can accommodate two oxygen interstitials per
unit cell, after which the structure becomes unstable and transformation occurs. This result
suggests that the oxidized phase has a stoichiometry between that of V2O3 and V3O5, the
adjacent phase in the V-O phase diagram. However, e�orts to identify its crystal structure
were unsuccessful, as it indexes to no known vanadium oxide phase or �uorite derivative.
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Figure 3.5: Kinetic progress of the oxidation of bixbyite V2O3 nanocrystals followed in situ
during air annealing. a) (222) peak position from in situ XRD data and b) TGA scans
for bixbyite nanocrystals annealed in air at 100°C (black), 125°C (blue), and 150°C (red).
c) Volume expansion as a function of oxygen interstitial content calculated from data in a)
and b). Green circles indicate time at which transformation to unknown phase occurs, as
determined from maximum change in shoulder peak intensity.
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3.3.5 Oxygen Di�usion as Rate Limiting Step in Oxidation Process

The in situ data were also used to plot time to transformation as a function of annealing
temperature, as shown in Figure 3.6a. An Arrhenius-type relation is apparent, in which
transformation rate is related to temperature following:

k = Ae
−Ea/RT (3.2)

Where k is the reaction rate, A is an attempt frequency factor, Ea is the activation
energy, R is the universal gas constant, and T is temperature. An activation energy and
frequency factor of 98 kJ/mol (1.02 eV), and 3.1 x 109 s-1, respectively, were extracted
from the data. Activation energy is determined by the rate limiting step of the oxidation
process, which may include oxygen adsorption, dissociation, intercalation, di�usion, and
�nally, structural transformation. Many of these potentially rate limiting processes are
expected to be accelerated in materials with high surface area (i.e., adsorption, dissociation,
intercalation) or presenting short path lengths (i.e., di�usion), so that the progression of
the structure along an equilibrium pathway of progressive oxidation is greatly facilitated
by the nanostructuring of the material. Oxidation happens quickly at the surface of the
nanocrystal, as seen by the large concentration of charge compensating V4+ after only 5
minutes of annealing in Figure 3.4. Thus, it is unlikely that the processes occurring at the
surface of the nanocrystal are rate limiting. Furthermore, the extracted activation energy
is comparable to theoretical and experimental activation energies of oxygen di�usion in
perovskite, �uorite, and bixbyite oxides, thereby suggesting that oxygen di�usion is the
rate limiting step in the bixbyite oxidation process.117�119 To support this hypothesis, the
activation energy of oxygen di�usion was modeled using the climbing-image nudged elastic
band method for DFT.115,116 Neighboring minima along the body diagonal in the bixbyite
unit cell, as shown in Figure 3.3e, were chosen as initial and �nal positions of the minimum
energy pathway for oxygen migration. The resulting activation energy along this path was
found to be 1.09 eV (Figure 3.6b). This result is in very good agreement with the activation
energy extracted from experimental kinetics, thereby supporting the role of oxygen di�usion
as the rate limiting step in the transformation process.
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Figure 3.6: a) Time to transformation as a function of annealing temperature in air. Inset
shows plot of 1000/T vs ln(1/t), yielding straight line which can be used to extract activa-
tion energy and frequency factor. b) Climbing-image nudged elastic band model of oxygen
interstitial di�usion between neighboring 16c Wycko� positions along the cell body diagonal.

3.3.6 Reversibility of Oxidation Process

Notably, the oxidation of bixbyite V2O3 can be reversed upon annealing in a mild reducing
atmosphere, even if it has been allowed to progress past the phase transformation. Figure
3.7a shows in situ XRD scans from an already oxidized and transformed sample heated in
helium to 325°C. The characteristic peak and shoulder of the unknown, oxidized phase merge
into one peak, characteristic of the bixbyite phase, suggesting a phase transformation back
to the stoichiometric phase. Indeed, the recovery of the bixbyite phase is con�rmed by ex
situ XRD while TEM images show minimal changes to particle size and shape (Figure B.1).
Oxidized bixbyite was also heated under the same conditions as in situ XRD while weight
loss was tracked by TGA. The starting weight of the sample corresponds to the weight after
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oxidation at 125°C (a continuation of the data in Figure 3.5b). Upon heating in inert gas,
a weight loss is indeed observed, with the maximum rate of change in weight occurring at
the same time and temperature as the rapid change in peak position, approximately 13
minutes and 310°C, respectively (Figure B.6). However the �nal weight after reduction (≈95
wt%) is less than the initial sample weight before oxidation (100 wt%). This additional
weight loss can be accounted for by the decomposition of the organic ligands bound to the
surface of the nanocrystals, as evidenced by the 5 wt% loss in a pristine bixbyite sample
heated under the same conditions (Figure 3.7b). The �nal weight of the oxidized sample is
approximately equal to the �nal weight of the unoxidized sample, indicating that the weight
gain due to oxygen insertion is completely reversed by annealing in nitrogen. Therefore, it
is likely that the change in structure observed by in situ XRD is indeed due to reduction,
wherein the phase transformation is reversed and oxygen interstitials are removed from the
bixbyite lattice.

Figure 3.7: Reduction of oxidized bixbyite as observed by a) in situ XRD and b) TGA heated
in inert gas following temperature pro�le in red. TGA data includes reduction of oxidized
and as-synthesized bixbyite in order to account for ligand decomposition. The XRD peaks
near Q = 2.1 and 2.42 Å-1 arise from the beryllium dome required for in situ inert gas
annealing.

Such reversibility in the oxidation process requires not only kinetic facilitation by the
nanoscale nature of the material, but favorable thermodynamics that allow the system to
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shift between thermodynamically favored states within the experimentally accessible range
of environmental conditions. To probe the energetics of the defect formation process cor-
responding to oxygen insertion in bixbyite V2O3, DFT was used to evaluate the following
equation for defect formation energy of a neutral cell120:

Edefect = Edefective cell − Eperfect cell −
∑

iniµi (3.3)

Where μi is the chemical potential of species i added or removed and ni is the number of
species i added or removed (ni <0 if removed, ni >0 if added). For the case of an oxygen
interstitial in the 80 atom unit cell of bixbyite, the equation becomes:

EOi
= EV32O49 − EV32O48 − µO (3.4)

The total energy of a stoichiometric, relaxed bixbyite cell was subtracted from the total
energy of a cell with one additional interstitial oxygen initially at a position of (0.15, 0.15,
0.15) and relaxed to (0.141, 0.142. 0.143), as calculated by DFT. The lattice parameters
were �xed to simulate the dilute limit. We note that the defect-defect distance is 9.414 Å
and that only subtle elastic interactions between defects in periodic images are expected.
As the chemical potential of oxygen depends on pressure and temperature, it is reported as
a range of achievable values. The lower bound, or reducing limit, represents the chemical
potential at which the dissociation of V2O3 into vanadium metal and oxygen gas becomes
thermodynamically favorable, whereas at the upper bound, or oxidizing limit, the maximum
chemical potential of oxygen considered is the total energy of oxygen in an isolated oxygen
molecule.1 Figure 3.8 shows the defect formation energy of an oxygen interstitial at 0 K as
a function of the chemical potential of oxygen.

1The known overbinding energy of the O2 molecule in DFT is not accounted for in this calculation.

Applying a -1.36 eV correction term, empirically determined by Wang et al., shifts the upper bound of

oxygen chemical potential to a lower value.121 However, as the defect formation energy is still negative at

this upper bound, our conclusions remain unchanged.
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Figure 3.8: Defect formation energy of oxygen interstitial in bixbyite V2O3 calculated by DFT
as a function of the chemical potential of oxygen for a range of experimentally accessible
values. Dashed gray area indicates the region of negative defect formation energy.

The reversibility of the oxidation process observed experimentally can be understood
from the calculated defect formation energy and its dependence on the chemical potential of
oxygen. Under oxygen-rich conditions, oxygen has a higher chemical potential and the defect
formation energy of an oxygen interstitial is negative. This result indicates that bixbyite is
metastable with respect to a more oxidized phase under these conditions, which is consistent
with our observation that bixbyite oxidizes spontaneously over time. Under oxygen-poor
conditions (low chemical potential), the defect formation energy is positive, indicating that
stoichiometric bixbyite is a stable host for oxygen interstitials. As the oxygen chemical
potential decreases, either by reducing oxygen partial pressure or increasing temperature,
the defect formation energy increases, ultimately leading to a decrease in the equilibrium
concentration of oxygen interstitials in bixbyite. This is consistent with our observation
that oxygen interstitials are removed from the lattice upon heating under inert gas �ow (low
pO2), as shown by XRD and TGA in Figure 3.7. Furthermore, distinct levels of reduction
can be achieved by simply varying temperature while keeping partial pressure low and �xed
(Figure B.4 & B.5). In this way, oxygen content can be controlled by altering either oxygen
partial pressure, temperature, or both.

3.4 Discussion

3.4.1 Bixbyite V
2
O

3
for Low Temperature Oxygen Storage Appli-

cations

The ability to reversibly store and release oxygen in bixbyite V2O3 makes it an appealing
candidate for use in oxygen storage applications. Oxidation occurs both rapidly and with
minimal change in crystal structure below a concentration of approximately two oxygen inter-
stitials per unit cell. However, the most remarkable feature of bixbyite's reversible oxidation

44



process is the unusually low temperatures required for oxidation and reduction. For compari-
son, HoMnO3, a hexagonal manganite material demonstrating oxidation at exceptionally low
temperatures, requires an oxidation temperature of 190°C, while heating in pure O2 gas, and
a reduction temperature of 325°C.122 Bixbyite V2O3 demonstrates nearly the same oxygen
storage capacity at transformation (~1.8%) while operating at a lower temperature and pO2.
In addition to aiding in the stabilization of the phase, the high surface to volume ratio in
bixbyite NCs is expected to result in faster di�usion, and therefore faster switching kinetics,
than in the bulk.123 Furthermore, while most oxygen storage materials under investigation
today contain rare earth elements, vanadium oxide is made up of earth-abundant elements.

To pave the way toward practical applications, further work is needed to improve cy-
clability of the oxidation and reduction processes. Initial tests show diminishing oxygen
storage capacity upon cycling, leading to an eventual loss of bixbyite stabilization (Figure
B.7). This may be associated with the thermal decomposition of the binding organic ligands
at the surface of the bixbyite nanocrystals which may alter surface energy and, therefore,
stability of the phase. Repeated expansion and transformation induced by oxidation may
also lead to degradation of the structure. Indeed, cyclability is improved when oxidation is
not allowed to progress past the point of structural transformation. These problems may be
mitigated by doping or alloying with elements that stabilize the metastable structure (as in
yttrium-stabilized zirconia) or minimize defect-induced strain. The improved oxygen stor-
age capacity and cyclability of zirconia-ceria solid solutions, compared to pure ceria, is an
example of the latter. This improvement has been ascribed to the small size of the zirconium
ion, which counteracts the strain associated with the formation of trivalent cerium during
reduction.124

3.4.2 Defect Induced Lattice Expansion in Oxides

Lattice expansion in �uorite and defective �uorite-type oxides is not a new occurrence, but
contrary to what is observed in V2O3, this tends to occur as a result of oxygen vacancy
formation. Termed chemical expansion, this is a well-known phenomenon, due in part to the
stresses this type of expansion can induce in energy conversion devices such as solid oxide
fuel cells.125 Charge compensating cation reduction, and the resulting increase in cationic
radius, is the dominant mechanism leading to expansion in oxygen de�cient �uorites and
perovskites. Although relaxation near the vacancy causes some contraction, the e�ect is
not as pronounced and therefore the net result is still expansion. Similarly, in bixbyite
V2O3, two opposing in�uences on lattice parameter are expected. The presence of excess
oxygen is expected to favor expansion to accommodate lattice strain while the oxidation
of vanadium, required for charge compensation, favors contraction. This is clear from the
ionic radius of vanadium, which is 0.64 Å in the 3+ oxidation state and 0.58 Å in the 4+
state.126 If change in cation size dominates the change in lattice constant, as it does in the
case of chemical expansion observed in other �uorite-type structures, one might expect the
net e�ect of these competing in�uences to favor contraction, however this is not observed.
Instead, low concentrations of oxygen interstitials have very little e�ect on the lattice, as
shown in Figure 3.5c, while larger concentrations result in expansion. We propose that the
two competing mechanisms favoring expansion and contraction, strain accommodation and
cation oxidation, respectively, balance and compensate each other at low oxidation levels.
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Upon further oxidation however, expansion due to accommodation of extra atoms in the
lattice dominates. DFT calculations of unit cell volume as a function of oxygen interstitial
content show a similar trend (Figure B.11).

3.4.3 Comparison to Other Bixbyite Oxides and Polymorphs of
V

2
O

3

The reversible oxidation observed in bixbyite is not expected to occur in the other polymorphs
of V2O3. Although vanadium is known for its ability to switch oxidation states, and could
thereby compensate for the extra charge introduced by oxygen interstitials in any crystal
phase, the corundum and monoclinic phases likely have insu�cient space in the lattice to
accommodate oxygen interstitials at reasonable formation energy. Corundum, for example,
has a hexagonal close-packed oxygen sublattice that leaves little room for excess oxygen,
quite unlike the inherently vacant sites in the bixbyite unit cell.127 The calculated density of
the bixbyite phase is 4.81 g/cm3, as compared to the much higher densities of the corundum
and monoclinic phases, which are 5.02 g/cm3 and 4.98 g/cm3, respectively.22,81 Alternatively,
other oxides with the bixbyite structure, such as indium oxide (In2O3), may be unable to
easily compensate for the high levels of charge introduced by oxygen interstitials. As indium
in the 3+ oxidation state has a stable [Kr]4d10 electron con�guration, compensation by
cation oxidation is highly unlikely. Furthermore, delocalized compensation, resulting in
hole formation and p-type conductivity, is possible in semiconductors like In2O3 but never
observed. Rather the formation of oxygen vacancies is known to be favorable in In2O3,
leading to intrinsic n-type conductivity.128

It is therefore a combination of bixbyite's open structure and vanadium's ability to change
oxidation state that hold the key to bixbyite V2O3's ability to accommodate large oxygen
excesses under mild oxidizing conditions. In this regard, its nanocrystalline morphology,
which plays a role in stabilizing the less dense phase in addition to o�ering short di�usion
paths, is clearly important. Lacking direct experimental data, however, it is unclear whether
this reversible process could occur e�ectively in bulk bixbyite.

3.5 Conclusions

Here we report reversible oxygen incorporation in metastable, bixbyite In2O3 nanocrystals.
Oxygen interstitials �ll the inherently vacant 16c positions in bixbyite, as suggested by Ri-
etveld re�nement results and supported by DFT calculations, making the structure more like
that of �uorite. Increasing oxidation in bixbyite results in lattice distortion and expansion,
eventually inducing a phase transformation to an unidenti�ed phase. Combined XRD and
TGA data reveals a nonlinear chemical expansion, with minimal structural changes upon
initial oxidation and rapid expansion up to a critical oxidation level of 1.8 weight %, corre-
sponding to about 3 oxygen interstitials per unit cell, at which point transformation occurs.
The rate of transformation follows an Arrhenius relationship, which was used to extract the
activation energy of the process from in situ XRD data. This activation energy is in good
agreement with the calculated activation energy of oxygen di�usion determined by DFT,
and therefore the oxidation process is reasoned to be di�usion limited. Finally, oxidation
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and transformation were shown to be reversible by annealing in inert gas at 325°C, with
the structure reverting back to that of stoichiometric bixbyite and weight loss indicating the
removal of interstitial oxygen from the lattice. The reversibility of the process can be un-
derstood by the dependence of defect formation energy on the chemical potential of oxygen,
which can be controlled by varying oxygen partial pressure and temperature. This study mo-
tivates the continued e�ort in stabilizing a bulk form of bixbyite V2O3 in order to elucidate
the in�uence of nanosize e�ects on reversible oxidation, as well as the further exploration of
the strange and fascinating properties of this metastable oxide.
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Chapter 4

Electrochemically-Induced

Transformations in Vanadium Dioxide

Nanocrystals

Reproduced in part with permission from Amy Bergerud, Gabriel LeBlanc, Clayton Dahlman,
and Delia J. Milliron �Electrochemically-Induced Transformations in Vanadium Dioxide
Nanocrystals� Submitted 2016.

4.1 Introduction

Bulk vanadium dioxide (VO2) undergoes a reversible metal-to-insulator transition (MIT)
at approximately 68°C, at which point the low-temperature monoclinic phase transforms
to the high-temperature rutile phase.2 This structural transformation is accompanied by
dramatic changes in the oxide's electronic and near infrared (NIR) optical properties.8,9

Due to the relatively low temperature of MIT, VO2 has also been investigated for a variety
of applications including solid-state memory devices,3,4 sensors,5 and smart-windows.6,7 In
addition to using direct thermal energy to trigger the transformation, this MIT phenomenon
has also been observed in VO2 using �all-optical� 129 and �all-electrical� 130�133 methods. In
2012, Nakano and co-workers observed a MIT in VO2 via ionic liquid gating using an electric
double layer transistor geometry consisting of a thin �lm of VO2 as the channel and an
ionic liquid as the gate.134 Application of a gate voltage resulted in a lowering of the MIT
temperature across the channel, with su�ciently high voltages leading to a stabilization of
the metallic state across all temperatures. At the time, this change in conductivity was
attributed to a transformation to rutile phase. The authors reasoned that electrostatic
charging at the VO2 surface triggered collective carrier delocalization and transformation in
the bulk of the �lm. In a similar con�guration in 2013, however, Jeong and co-workers found
that ionic liquid gating does more than electronically charge the VO2 �lm, reporting that
metallization was accompanied by the generation of oxygen vacancies within the material.135

Subsequent studies by the same group found that though VO2 �lms underwent signi�cant
structural changes during gating,136 the vacancy-rich phase was not rutile and therefore
metallization under ionic liquid gating is distinct from the transformation to the metallic
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rutile phase.137 Additionally, metallization was only obtained when the epitaxial VO2 �lm
was oriented such that the rutile c-axis was partially or fully perpendicular to the surface,
allowing oxygen atoms to di�use in and out of the �lm along chains of edge-sharing VO6

octahedra.136

Nanocrystals (NCs) are expected to facilitate oxygen di�usion due to their high surface-
to-volume ratios, which present many pathways for di�usion in and out of the lattice, and
their small sizes, which minimize di�usion distances. We therefore hypothesized that elec-
trochemical control would be observed in �lms of VO2 NCs more readily than in epitaxial
thin �lms and without the need for orientation control. Despite the interest in VO2 NCs for
their desirable optical properties138 and potential for size-dependent phase behavior,139 their
chemical synthesis remains challenging. The complicated phase diagram of the vanadium-
oxygen system contains many stable and metastable compounds and phases, thus making
stabilization of a particular phase di�cult.1 Nevertheless, several routes to nanostructured
VO2 with varying degrees of morphology control have been reported including hydrothermal
synthesis65,42 and polymer assisted deposition.140 Optical quality �lms suitable for spectro-
electrochemical investigation can be readily prepared from colloidal nanocrystals,141,142 thus
making this approach to VO2 NCs most attractive. Unfortunately, a direct colloidal syn-
thesis of VO2 NCs has not yet been reported. In the closest example, Paik and co-workers
reported the conversion of VOx colloidal NCs with an unidenti�ed crystal structure into
VO2 �lms using a rapid thermal annealing process; however nanocrystallinity was lost upon
conversion, resulting in the formation of ordinary, densi�ed thin �lms.143

Building on our recent report of the colloidal synthesis of metastable bixbyite V2O3

NCs,48 here we report the development of a low-temperature, oxidative annealing process
to convert �lms of V2O3 NCs to VO2 while maintaining nanocrystallinity and high optical
quality. Upon electrochemical reduction, these NC �lms transform from monoclinic phase to
an IR blocking, oxygen de�cient monoclinic state, consistent with the e�ects of ionic liquid
gating on VO2 thin �lms. However, upon further reduction or reduction from the IR blocking
rutile phase, we observe a reversal in this IR darkening, leading to a new IR transparent state
that, according to Raman and X-ray absorption spectroscopy (XAS), is oxygen de�cient and
no longer monoclinic or rutile phase. Hence, the enhanced gating e�ect in our VO2 NC �lms
can instigate a reversible electrochemically-driven phase transformation that has not been
revealed by gating epitaxial thin �lms with ionic liquid electrolyte.

4.2 Methods

4.2.1 Synthetic Methods

Bixbyite V2O3 NCs were prepared following our previously described colloidal synthesis.48

Brie�y, vanadyl acetylacetonate (1 mmol) (Strem Chemicals, 98%), oleylamine (4 mmol)
(Sigma Aldrich, 70%), oleic acid (4 mmol) (Sigma Aldrich, 90%), and squalane (8 mL) (Sigma
Aldrich, ≥95%) were mixed and degassed at 110 °C. The suspension was then heated under
nitrogen �ow to 370 °C for 1 hour before repeated washing with isopropanol and hexanes. The
cleaned NC ink (~50 mg/mL) was then deposited onto cleaned ITO coated glass substrates
or doped silicon substrates via spin coating. Brie�y, 20 µL of the NC ink was added to a
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2x2 cm substrate, which was then spun at 1000 rpm for 90 s and dried at 4000 rpm for
30 s. Film thickness was determined to be 83 ± 3 nm using a Veeco Dektak 6M Stylus
Pro�lometer. The as deposited bixbyite V2O3 NC �lm was then converted to monoclinic
VO2 by annealing in a slightly oxidative environment. In this study, the �lms were annealed
at 375 °C in 167-250 ppm O2 atmosphere for 30-60 minutes.

4.2.2 X-ray Di�raction

In situ XRD in air was performed on beamline X20A at the National Synchrotron Light
Source at Brookhaven National Laboratory. The di�ractometer was operated in re�ection
mode, with a molybdenum sample heater, at an energy of 8.0645 keV (λ = 1.537 Å). Scans
were collected every second while a �lm of bixbyite NCs was heated in air to 600°C at a rate
of 1°C/sec. In situ XRD in 250 ppm O2 in N2 was performed at the Norwegian University
of Science and Technology on a Bruker D8 Advance di�ractometer with Cu Kα radiation,
Våntec-1 detector, high temperature stage and gas chamber. Scans were collected every 4-6
minutes with a step size between 0.1 and 0.25°, depending on the 2θ range. Ex situ XRD
was performed using a Rigaku R-axis Spider di�ractometer with an image plate detector
and Cu Kα radiation. Films were prepared on silicon substrates and data was collected in
re�ection mode over 10 minutes of exposure.

4.2.3 Transmission Electron Microscopy

Transmission electron microscopy images were collected using a JEOL 2010F TEM with a
Schottky �eld emission source operating at 200 kV. The sample was prepared by drop casting
a dilute suspension on V2O3 nanocrystals in hexanes on a silicon nitride TEM grid. TEM
grids were annealed under the same conditions as �lms (375°C, 1 hr, 250 ppm O2) to convert
to VO2 NCs.

4.2.4 Variable Temperature Spectroelectrochemistry (VT-SEC)

Electrochemical analysis of the VO2 �lms was performed using a Bio Logic VMP3 Potentio-
stat. The VO2 �lm was set as the working electrode, platinum foil as the counter electrode,
and Ag/Ag+ as the reference electrode. Note, the Ag/Ag+ electrode was calibrated against
a Li/Li+ electrode and was found to be -3.00 V vs Li/Li+. Voltages in this paper are re-
ported relative to a NHE electrode. The three electrodes were housed in a custom built
cell that enabled a minimal pathlength through the electrochemical mediator consisting of
0.1 M tetrabutylammonium bis-tri�uoromethanesulfonimidate (TBA-TFSI) (Sigma Aldrich,
≥99.0%) in propylene carbonate (Sigma Aldrich, 99.7%). Spectroscopy (400 � 2200 nm)
was performed with an ASD Inc. PANalytical spectrometer operating in transmission mode,
which was directed through the �lm using �ber optic cables. Finally, the temperature was
controlled using a TC-720 temperature controller with a Peltier thermoelectric element with
a center hole (TE Technologies) to enable light through the system. The temperature was
monitored with an epoxy bead thermistor (TE Technologies). For the experiments described
in the main text, the entire VT-SEC set-up was housed in an argon glovebox (Figure C.1).
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Experiments were also performed in air by using a similar set-up outside the glovebox and
bubbling the electrolyte with compressed air for 2 hours.

Respresentative darkening, bleaching, and bleached samples were prepared on silicon
substrates for ex situ analysis. A sample in the process of darkening in the IR was prepared
by applying a small bias for a long time (-0.5V for 7.5 hrs), thus preventing overshoot into
the bleached state. A �lm in the process of bleaching, after �rst darkening, was prepared by
applying a large bias for a short time (-2V for 30 min), and �nally, the fully bleached state
was accessed by applying a bias from the rutile phase until saturation (-1.5V for 10 min at
100°C).

4.2.5 Raman Spectroscopy

Raman spectroscopy was performed on a Horiba Jobin Yvon LabRAM ARAMIS spectrome-
ter using a 532 nm laser. Electrochemistry of the VO2 �lms on doped silicon substrates was
performed in a glovebox before transfer to the Raman instrument using a Linkam LTS420
cell. The Linkam cell not only prevented rapid oxygen contamination, but also enabled
analysis at temperatures above and below the MIT temperature. Measurements were taken
under a 50x long working distance microscope objective lens.

4.2.6 X-ray Absorption Spectroscopy

XAS spectra were collected at beamline 10.3.2 of the Advanced Light Source. Vanadium K-
edge spectra were collected in �uorescence mode using an Amptek silicon drift �uorescence
detector 1-element (XR-100SDD) collected at ambient temperature (25°C) for all spectra
except the rutile sample, which was heated to 100°C in air using a Peltier heating element
a�xed to the back of the sample substrate during measurements. The darkening, bleaching,
and bleached �lms were electrochemically reduced then sealed with a mylar �lm in an argon
glovebox before XAS measurement to prevent air exposure. A Si (111) monochromator was
used with a resolving power (ΔE/E) of 7000 at 10 keV. More details about the beamline
can be found in reference by Marcus et al.144 V K-edge EXAFS were collected in the energy
range of 5360 to 5980 eV. Each XAS spectrum was averaged from two consecutive scans,
each about 45 minutes long. The experimental data was energy calibrated to a vanadium
foil measured in transmission mode. Preliminary analysis to scan average and background
the pre- and post-edge features was performed using software developed at ALS beamline
10.3.2, and normalization and post-processing of μ(E) data was performed using Athena and
Artemis from the Demeter package (version 0.9.24). A Hanning window in the k-space range
of 2.6-10.6 Å-1 was applied to the Fourier transform into real space. Full XAS and k-space
EXAFS is presented in Figure C.10.

4.3 Results

4.3.1 In Situ Observation of V
2
O

3
Oxidation

As discussed in our previous publications, bixbyite V2O3 NCs oxidize when heated in air.
At low temperatures, oxygen �lls interstitial sites in the bixbyite lattice, eventually resulting
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in a transformation to a new phase of vanadium oxide. At these low levels of oxidation,
NC morphology remains largely unchanged and oxidation is reversible upon annealing in
inert atmosphere at slightly elevated temperatures. At higher temperatures in air, bixbyite
transforms irreversibly to V3O7 or V2O5, accompanied by a complete loss in nanocrystallinity
(Figure A.10).

In order to understand the progression of bixbyite oxidation, in situ XRD was performed
on NC �lms heated in air (Figure 4.1a) at 1°C/sec. As expected, initial heating at low
temperatures results in a subtle phase transformation from bixbyite to an unknown oxidized
phase, indicated by a shift in the peaks located at 33° and 38° to lower 2θ and a disappearance
of the peaks located at 23° and 40°. At approximately 350°C, the peaks disappear, likely
caused by amorphization of the material, followed by the crystallization of a mixture of VO2

and V3O7. The peaks indicative of VO2 eventually disappear as temperature continues to
increase, leaving only V3O7, then a mixture of V3O7 and V2O5, and �nally pure V2O5. As
this progression occurs, the peak widths also appear to decrease, indicating the expected
increase in crystallite size. Surprisingly however, the peak widths corresponding to VO2 are
much broader than those of V3O7 and V2O5. This suggests that nanocrystallinity in retained
in vanadium dioxide in this instance.

Our in situ results in air show that VO2 can be obtained by annealing V2O3 nanocrystals
in air, however the phase only exists over a short temperature span and it is not phase pure.
Therefore, in an attempt to obtain phase pure VO2, bixbyite V2O3 was annealed at a lower
partial pressure of oxygen. This has the e�ect of altering the oxygen chemical potential of
the system, and thus, the thermodynamics. Films of bixbyite NCs were heated in 250 ppm
O2 in N2 at a rate of 0.1°C/sec, nearly three orders of magnitude less oxygen than in air, and
the resulting transformations were tracked in situ (Figure 4.1b). As expected, oxidization
proceeds di�erently at this lower partial pressure of oxygen. After the initial formation of the
unknown oxidized phase at approximately 280°C, VO2 is observed as a pure phase, initially
forming at ≈360°C and persisting for approximately 50°C before the another unknown phase
begins to crystallize. VO2 peaks are initially broad then narrow as temperature increases,
indicating a coarsening of the VO2 crystallites.

4.3.2 Synthesis of Nanocrystalline VO
2
via Controlled Oxidation of

V
2
O

3
NCs

Following our previously published method, V2O3 colloidal NCs with a metastable bixbyite
crystal structure were �rst synthesized via aminolysis reaction using standard Schlenk line
techniques.48 Films of V2O3 NCs were prepared via spin or drop casting from solvent then
converted to VO2 via a mild annealing treatment at low oxygen partial pressure (375°C, 250
ppm O2 in N2). Transmission electron microscopy (TEM) was used to observe the morphol-
ogy of the NCs before and after conversion (Figure 4.2a & b). The as prepared V2O3 NCs
are well-separated with an average diameter of approximately 25 nm. During the oxida-
tive transformation, di�usion leads to necking between the NCs, resulting in a porous NC
network. The crystal structure before and after conversion was determined via X-ray di�rac-
tion (XRD), and indexed to the bixbyite V2O3 and monoclinic VO2 structures, respectively
(Figure 4.2c). A decrease in XRD peak widths between bixbyite and monoclinic suggests
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Figure 4.1: In situ XRD of bixbyite NCs heated in a) air and b) 250 ppm O2 in N2. Peak
locations and phase identi�cation from a) and b) are marked in c) and d), respectively,
indicating location of XRD peaks indexed to bixbyite V2O3 (green), the unknown oxidized
phase discussed in chapter x (blue), rutile VO2 (red), V3O7 (yellow) and V2O5 (dark blue).
An additional unknown phase, or mixture of unknown phases, is marked in purple. Black
dotted lines mark peaks from in situ gas chamber.
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that a small degree of coarsening occurs upon conversion. The resulting VO2 NCs are ther-
mochromic, exhibiting diminished IR transmittance at elevated temperature (Figure 4.2d),
indicative of the phase transformation from monoclinic to rutile phase and the associated
MIT. This IR blocking behavior in bulk rutile VO2 is ascribed to the presence of conduction
electrons and in nanostructures, the IR optical signature has been described as a damped
localized surface plasmon resonance of those electrons.64

4.3.3 Electrochemically-Induced Optical Changes in VO
2

To investigate the response of our VO2 NCs to electrochemical gating in situ, variable temper-
ature spectroelectrochemistry was performed. In an inert atmosphere glove box maintained
at < 1 ppm O2, VO2 �lms on ITO-coated glass were submerged in an electrolyte consisting of
0.1 M bis-tri�uoromethanesulfonimidate (TFSI) salt in propylene carbonate. In our home-
built apparatus, VO2 acted as the working electrode while platinum and Ag/Ag+ were used
as counter and reference electrodes, respectively. Temperature was controlled using a Peltier
thermoelectric element with a center hole to allow a continuous optical path through the VO2

�lm, enabling collection of Vis-NIR transmission spectra in situ using a �ber-coupled spec-
trometer (Figure C.1). Irreversible optical changes were observed when lithium containing
electrolyte was used, likely due to the intercalation of Li+ ions in the VO2 lattice resulting
in an irreversible phase transformation (Figure C.2), consistent with the results of Kahn
et al. on thin �lms.145 When lithium was replaced with a bulky counter-ion, speci�cally
tetrabutylammonium (TBA), intercalation was inhibited and reversible optical modulation
was observed.

Upon application of a reducing bias (-1.5 V vs NHE) at room temperature, a strong de-
crease in NIR transmittance was observed, indicative of induced metallic character (Figure
4.3a). This spectroscopic observation is in agreement with the previous report of met-
allization induced IR darkening in ionic liquid gated epitaxial VO2 �lms.146 Our results
demonstrate that optoelectronic modulation is possible in NCs even without ionic liquids,
which are known to deliver the highest local �elds. Continued application of this same bias,
however, eventually leads to a reversal of the IR darkening (Figure 4.3b). This unexpected
result suggests that the NC �lm is transitioning from a metallic state back to an insulating
state. Voltage-induced IR bleaching was also observed upon reduction of the rutile phase at
100°C, but at a much faster rate (Figure C.3). This di�erence in rate may be due to faster
kinetics of oxygen di�usion at high temperature or, as recently proposed in a study by Singh
et al., increased electrochemical reactivity in the rutile phase as compared to the monoclinic
phase.147

Darkening and bleaching were found to be reversible upon the application of an oxidizing
potential (Figure C.4 and C.5). Interestingly, we found that electrochemical modulation of IR
transmittance was possible even in an oxygen-rich environment, albeit with lower coloration
e�ciency than in an inert environment (Figure C.6). In earlier reports, the conductivity of
thin VO2 �lms could not be modulated by ionic liquid gating in the presence of oxygen,135

demonstrating once again the enhancement in the e�cacy of electrochemical modulation
using NC morphology. After removing electrochemical bias, darkened �lms exposed to air
were observed to slowly return to an optical state characteristic of the original monoclinic
structure while �lms in argon remained unchanged. In fact, as long as the �lm was not ex-
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Figure 4.2: Characterization of V2O3 NCs and converted VO2 NCs. TEM images of a)
colloidal V2O3 NCs and b) VO2 NCs generated via thermal annealing. c) XRD pattern of
bixbyite V2O3 NCs (green/top) and monoclinic VO2 NCs (bottom/blue). Reference XRD
patterns [ICSD collection code 260212 and 15889] are shown in each plot. d) Transmit-
tance spectra of NC thin �lms demonstrating minimal change for V2O3 and dramatic NIR
modulation for VO2 as a function of temperature.
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Figure 4.3: Spectroelectrochemistry of VO2 NC �lms on ITO-coated glass in 0.1 M TBA-
TFSI electrolyte. a) Darkening of NIR transmittance generated by applying -1.5V vs NHE
with scans taken every 5 minutes for 30 minutes. b) Bleaching of NIR transmittance after
applying -1.5V vs NHE starting at 30 minutes, with scans taken every 10 hours for 60 hours.
c) Comparison of the NIR modulation kinetics at -1.5V vs NHE between a non-porous
planar �lm of VO2 (dashed) and a highly porous �lm of VO2 NCs (solid line). d) The e�ect
of applied potential on the transmittance of 2000 nm light as a function of time.
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posed to oxygen, we could remove and rinse the electrode with no e�ect to the optical state,
supporting the notion that the material is transformed under applied potential, not merely
gated electrostatically. Planar VO2 �lms, which we produced via the thermal condensation
of vanadium oxalate clusters (Figure C.7),148 showed very little change in IR transmittance
upon the application of a reducing bias (Figure 4.3c and C.8), thereby highlighting the im-
portance of nanostructuring, or exposure of certain crystal facets to the electrolyte interface,
to enable this type of electrochemical control.

4.3.4 Spectroscopic Characterization of VO
2
in Di�erent Optical

States

Although the initial NIR darkening of our VO2 NC �lms upon reduction was anticipated
based on the thin �lm literature, the subsequent bleaching was not. To understand the
structural changes occurring with progressive reduction, we performed Raman and X-ray
absorption spectroscopy on NC �lms in various optical states, including the initial mono-
clinic, thermally darkened (rutile), electrochemically darkening, and partly or fully electro-
chemically bleached states. Films were prepared on doped silicon for use across a range of
analytical techniques. As the kinetics of darkening and subsequent bleaching in the IR are
sensitive to applied bias, as shown in Figure 4.3d, these states were accessed using di�erent
time-potential-temperature trajectories to avoid ambiguity and ensure that a complete set
of samples in di�erent optical states was obtained for analysis (details of their preparation
are in Appendix C).

As the VO2 NC �lms are thin and sensitive to air once electrochemically reduced, we
utilized characterization techniques that required only a small amount of material and could
be performed without exposure to air. Raman spectroscopy is one such technique and is
commonly used for characterizing the structure of VO2. At low temperature, peaks indica-
tive of the monoclinic (M1) phase are apparent as shown in Figure 4.4a. As the �lm is
heated, the VO2 transforms to the more symmetric rutile phase and these peaks decrease in
intensity and eventually disappear, consistent with previous Raman studies on VO2 nanos-
tructures.149�151 To characterize the electrochemically darkening and further electrochemi-
cally reduced bleached states, �lms were �rst reduced then transferred air-free to the Raman
spectrometer. The darkening state contains peaks that index to the monoclinic phase. This
is in agreement with Jeong and co-workers �nding that V-V dimerization, an identifying fea-
ture of the monoclinic phase, is maintained upon electrochemical metallization and is also
consistent with recent Raman studies on ionic liquid gated VO2 thin �lms.136,147,152 On the
other hand, the bleached state has no obvious Raman peaks, besides those which index to
the underlying silicon substrate. This absence of peaks, however, is not su�cient evidence
to assign the state to rutile phase. Instead, it merely suggests that the symmetry of the
structure is increased and it is distinct from the monoclinic state.

X-ray absorption spectroscopy at the vanadium K-edge was used to further characterize
the nature of the states accessed by electrochemical reduction. A progressive shift in ab-
sorption edge, indicative of a reduction in vanadium oxidation state, was observed in the
near-edge region of the spectra (Figure 4.4b), implying that oxygen vacancy formation ac-
companies optical modulation throughout both the darkening and bleaching processes. The

57



Figure 4.4: Characterization of monoclinic, rutile, darkening, bleaching, and bleached states
by a) Raman spectroscopy and b) X-ray absorption near edge spectroscopy of the V K-
edge, with zoomed in views of the i) pre-edge feature and ii) absorption edge. Fourier
transformation of the k3 weighted EXAFS of the c) darkening state and d) bleached state
with monoclinic and rutile shown in each for comparison.
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pre-edge feature at approximately 5470 eV was also observed to decrease in intensity with
increasing reduction. This suppression of the V1s to V3d transition suggests an increase in
octahedral symmetry, state mixing, and state �lling occur during the reduction process.153,154

Although the Raman spectroscopy results identify the darkening state as monoclinic
phase, the absence of Raman peaks in the bleached state requires that another technique
be used to shed light on its structure. Therefore, extended X-ray absorption �ne structure
(EXAFS) was utilized to determine the local structure surrounding vanadium in the reduced
NC �lms. As expected, the darkening and monoclinic patterns are nearly identical, con�rm-
ing that the darkening state is indeed monoclinic phase even as it becomes metallic through
electrochemical reduction (Figure 4.4c). However, the EXAFS pattern of the fully bleached
state is very di�erent from both the monoclinic and rutile phases, leading to the conclusion
that further electrochemical reduction past the metallized monoclinic phase induces a phase
transformation, as shown in Figure 4.4d.

4.4 Discussion

Through a combination of temperature control and electrochemical bias, we were able to
control the optical properties of a VO2 NC �lm reversibly through four distinct transfor-
mations, as shown schematically in Figure 4.5. As previously hypothesized by Jeong et al.,
darkening in the IR, indicative of metallization, is likely caused by the formation of oxygen
vacancies. However, as reduction proceeds, bleaching in the IR is apparent. We propose
that this optical change is due to a transformation to a di�erent phase of vanadium ox-
ide, triggered by instabilities in the monoclinic structure as oxygen vacancy concentration
increases. This oxygen de�cient phase, with an average oxidation state of approximately
+3.4 as determined by absorption edge position,154 was shown by Raman to have enhanced
symmetry relative to the monoclinic phase. Furthermore, its high transmittance in the IR
suggests that the material is an insulator. After analyzing many vanadium oxide structures,
V3O5 was identi�ed as a likely candidate for this oxygen de�cient phase as it produced a
good match to the fully bleached EXAFS data (Figure C.9) and is known to be insulating
below ~150°C.155

4.5 Conclusions

In summary, we have demonstrated the ability to electrochemically modulate the IR trans-
mittance of VO2 NC �lms, prepared by controlled oxidation of V2O3 colloidal NCs, in a
TBA-TFSI electrolyte. Initial application of a reducing bias leads to oxygen vacancy forma-
tion and diminished IR transmittance, as anticipated based on previous ionic liquid gating
experiments performed on epitaxial VO2 �lms. However, further reduction of our NC �lms
was found to result in bleaching in the IR, leading to a never before seen transition to an
oxygen de�cient state. This progressive optical switching is likely facilitated by the nanocrys-
talline nature of the �lms, which may alter thermodynamics so that higher oxygen vacancy
concentrations are accessible or enhance di�usion kinetics so that this behavior is apparent
on experimentally realizable timescales. Strain due to gating induced volume expansion may
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Figure 4.5: Schematic illustrating the pathways to 4 distinct states of VO2 NC �lms: (1)
The low-temperature, IR-transmitting monoclinic state, (2) an oxygen de�cient, IR-blocking
monoclinic state, (3) an IR-transmitting, oxygen de�cient phase distinct from the monoclinic
and rutile phases, and (4) the high-temperature, IR-blocking rutile state. These states can
be accessed via heating/cooling and electrochemical reduction/oxidation, denoted by arrows
in the diagram.
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also be better accommodated by the NC morphology as compared to epitaxial thin �lms.
The discovery of this new electrochemically-induced phase transition is promising for smart
window applications if the kinetics can be further enhanced. This is especially true given
the higher visible transmittance of the electrochemically bleached state as compared to the
thermally accessible monoclinic phase, the low transmittance of which has been a major
roadblock in the commercialization of VO2-based thermochromic window coatings.156
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Chapter 5

Conclusions & Future Work

5.1 Conclusions

In this dissertation, the interesting phase behavior of vanadium oxide nanocrystals was pre-
sented and discussed. In�uenced by both thermodynamic and kinetic factors, these nanocrys-
tals demonstrate enhanced stability relative to bulk materials as well as faster kinetics of
oxygen interstitial and vacancy di�usion owing to high surface area and small particle size.
In Chapter 2, the colloidal synthesis of the newly-discovered, bixbyite polymorph of V2O3

was presented, including discussion of synthetic parameters, reaction mechanism, and forma-
tion mechanism. The stability of bixbyite nanocrystals was evaluated in both air and inert
atmospheres, with phase transformations observed in each. The latter irreversible transfor-
mation to corundum phase in inert gas at temperatures above 700°C con�rms the metastable
nature of the polymorph, while concurrent particle coarsening suggests that bixbyite may
be stabilized in nanocrystal form due to surface energy e�ects. In Chapter 3, the stability of
bixbyite nanocrystals in air was explored, with structural changes occurring upon heating.
Rietveld re�nement of XRD data and supporting DFT calculations suggest that this is due
to oxygen interstitial formation in the 16c Wycko� positions of the bixbyite cell. The kinet-
ics of oxidation were explored with in situ XRD at di�erent temperatures and an Arrhenius
relationship was observed. The rate limited step of the process was reasoned to be oxygen
di�usion which was also supported by DFT. The reversibility of the oxidation process and
resulting phase transformation were discussed and explained by the dependence of oxygen
interstitial formation energy on temperature and oxygen partial pressure. Further oxida-
tion at low oxygen partial pressure led to the stabilization of the monoclinic VO2 phase,
which is studied for its well-known MIT. In Chapter 4, optical changes upon electrochemical
reduction of nanocrystalline VO2 were observed in situ via variable-temperature spectroelec-
trochemistry. A decrease, then increase, of IR transmittance was observed with progressive
reduction and the electrochemically darkened and bleached states were further characterized
with Raman and X-ray absorption spectroscopies. The darkened state was found to be a
oxygen-de�cient, metallic form of monoclinic phase, while the bleached state could not be
assigned to monoclinic or rutile phase.

Although this dissertation serves as a important starting point in the study of the bixbyite
phase of V2O3 and electrochemically-induced transformations in nanocrystalline VO2, there
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is still work to be done to understand these unique materials and transformations. Therefore,
avenues of future work will be discussed in the following sections. As only a few instances
of its formation have been reported, there is still much to be learned about bixbyite V2O3,
including its electronic and magnetic properties as discussed in Section 5.2. Determina-
tion of its thermodynamic properties will aid in the understanding of phase stability of the
polymorph and thus is proposed in Section 5.3. Also suggested is doping as a means of
enhancing the stability of the phase, which will contribute to both fundamental knowledge
of phase stability in bixbyite and make high temperature application possible. Future work
related to nanocrystalline VO2 and its use in thermochromic window applications is also dis-
cussed in Section 5.4, while characterization techniques which may aid in the identi�cation
of the unknown phases encountered in this work are discussed in Section 5.5.

5.2 Electronic and Magnetic Properties of Bixbyite V2O3

5.2.1 Electronic Properties

Although much progress has been made in understanding the new bixbyite phase of V2O3

in the last few years, there is still work to be done in determining the basic properties of the
material. For example, multiple sources agree that the material is a semiconductor, however
the exact band gap is still unknown. With DFT, Wessel et al. used a GGA functional to
compute a direct band gap of 0.8 eV while Sarmadian et al., using the more accurate HSE06
hybrid functional, computed an indirect band gap of 1.61 eV and an optical band gap of
1.98 eV.87,99 Our DFT model, used in Chapter 3 to investigate oxygen interstitial defects in
bixbyite, yielded a band gap of ≈0.5 eV. These values vary widely, an expected consequence
of di�ering exchange correlation functionals and calculation parameters, and therefore ex-
perimental results are required to determine the true band gap of the material. In Chapter
2, we reported an experimental optical band gap of 1.29 eV, although this analysis was com-
plicated by the gradual onset of absorption in the optical spectrum and corresponding Tauc
plot (Figure A.9). Unfortunately, this is the only experimental value reported as of now, and
thus it is impossible to know if this is representative of bulk bixbyite or if it is in�uenced in
some way by size or nonstoichiometry. The closest bulk material for comparison is a vana-
dium oxide nitride with a bixbyite crystal structure, which was shown to have a band gap
of 0.83 eV through an Arrhenius �t to temperature dependent conductivity data.87 Unfortu-
nately, extracting band gap from temperature dependent conductivity measurements of NC
�lms is highly nontrivial. This is due to the fact that conduction in NC �lms occurs through
a hopping mechanism, which also has an Arrhenius dependence. Because both carrier con-
centration, due to the band gap, and mobility, due to hopping, increase exponentially with
temperature, the resulting conductivity data is in�uenced by both and it is very di�cult to
deconvolute the two.

Although band gap can not be determined easily, there are still opportunities to further
the understanding of the electronic structure of bixbyite V2O3 with our NCs. It has been
proposed and shown computationally that bixbyite V2O3 may support p-type doping. This
is typically di�cult in oxides due to the oxygen 2p character of the valence band maximum,
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which tends to lie deep below the vacuum level resulting in large ionization potentials.157

High-throughput DFT calculations of bixbyite oxides indicate that V2O3 may possess p-type
dopability due to the proximity of its branch point energy to the valence band.158 Additional
computational work found magnesium to be a shallow acceptor in bixbyite V2O3 with low
formation energy, and thus a promising candidate for p-type doping.99 Preliminary work on
doping bixbyite NCs with magnesium is ongoing. Once this is achieved, Hall measurements
can be performed to determine the carrier type, con�rming whether this type of dopant
imparts p-type conductivity in bixbyite V2O3.

5.2.2 Magnetic Properties

In addition to electronic properties, little is known about the magnetic properties of bixbyite.
In 2011, Weber et al. reported strong �eld dependence of the magnetic ordering transition
at 50 K, which supports the existence of canted antiferromagnetic ordering or spin-glass like
behavior.29 Theoretical calculations, by ourselves and others, also show a slight preference for
antiferromagnetic ordering over ferromagnetic ordering at 0 K.87 Considering the magnetic
properties associated with the other polymorphs of V2O3 and the already published report of
spin-glass-like behavior at low temperature in the bixbyite phase, we anticipate that magnetic
characterization of bixbyite NCs will yield interesting results. Furthermore, varying oxygen
stoichiometry may also in�uence magnetic transitions the material, as observed previously
in corundum and monoclinic V2O3+x.25

5.3 Phase Stability of Bixbyite V2O3

5.3.1 Thermodynamic Analysis of Nanocrystalline V
2
O

3

In chapter 2, we hypothesized that bixbyite is an example of a size stabilized polymorph,
where surface energy a�ects Gibbs free energy to the extent that the normally unstable
bixbyite phase is thermodynamically favored over the stable corundum phase. However,
there is more work to be done in order to prove that this truly is a thermodynamic, rather
than kinetic, e�ect. The following equation describing the energetics of the bixbyite to
corundum transformation as a function of nanocrystal size is adapted from the analysis of
anatase titania by Zhang and Ban�eld:

4G = 4fG(T, corundum)−4fG(T, bixbyite) + (2t+ 3)
M

r

(
γC
ρC
− γB
ρB

)
(5.1)

If bixbyite is truly a size stabilized polymorph in that it is thermodynamically favored
below some critical size, ΔG must be positive for values of r less than the critical size. At
the very least, since 4fG(T, corundum) − 4fG(T, bixbyite) is negative,

γC
ρC
− γB

ρB
must be

positive, or γC
ρC

> γB
ρB
. This analysis requires a knowledge of the Gibbs free energies and

surface energies of bixbyite and corundum phase V2O3. While the latter has been reported
previously,159 the former has not, thus in order to proceed the Gibbs free energy and surface
energy of bixbyite must be determined.
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Thermodynamic properties like enthalpy, entropy, and surface energy can be measured us-
ing calorimetric methods which measure heat change during a reaction or transformation.160

A technique known as solution drop calorimetry is typically used for the experimental deter-
mination of enthalpy and surface energy, in which a small pellet of solid material is dropped
into molten oxide solvent.161 The resulting heat released from the dissolution process is then
measured, from which the enthalpy of formation can be extracted. Repeating this for several
nanoparticle sizes, the enthalpy of formation can be plotted as a function of surface area.
If surface energy is constant, the resulting slope is then equal to surface energy, as shown
previously in Figure 1.4. In reality, surface energy may not scale linearly with surface area
and will also be in�uenced by surface hydration, ligand binding, particle aggregation, and
the presence of defects. Therefore, the use of solution drop calorimetry to determine surface
energy in bixbyite V2O3 is a possible avenue of future work, but will likely be challenging
owing to the di�culty of controlling particle size and the presence of ligands and oxygen
defects.

Surface energy can also be determined computationally by DFT. Using a slab model, in
which the crystal is periodic in two dimensions but not a third, the following equation can
be used to estimate surface energy:

γ =
1

A
[Eslab − nEbulk] (5.2)

Where Eslab is the total energy of the slab terminated at the surface of interest, Ebulk is
the total bulk energy per formula unit, n is the number of formula units in the slab, and
A is the surface area of the top and bottom slab surfaces.162 Because the pseudospherical
bixbyite nanocrystals have many surface terminations, this will need to be repeated for
several crystal facets then averaged to estimate a single surface energy, similar to what was
done with known values of surface energy for di�erent facets in rutile and anatase phase in
Zhang and Ban�eld's analysis.36 In reality, however, surface energy is also in�uenced by the
ligands bound to the surface of the nanocrystals, which is dependent on binding geometry
and surface coverage, and thus is far beyond the scope of this work and our group's DFT
expertise. Nevertheless, the initial estimation of surface energy without the in�uence of
ligands is an important �rst step in determining whether surface energy of bixbyite is true
smaller than the surface energy of corundum phase- a result that is expected due to surface
density, but as of yet, not con�rmed.

5.3.2 Doping to Improve Phase Stability of Bixbyite V
2
O

3

Although bixbyite V2O3 has already been shown to possess enhanced stability in nanocrystal
form, it does eventually transform to corundum phase when heated above at least 700°C.
Therefore, another avenue of future work involves enhancing the stability of the bixbyite
phase, thus allowing for the utilization of bixbyite at high temperature without fear of
transformation. In addition to nanoscaling, doping is another common method of stabilizing
metastable phases.163 The incorporation of dopants can introduce strain in the lattice, caused
by di�erences in cation size or the formation of charge compensating defects, which may result
in a di�erent atomic con�guration becoming energetically favorable. This lattice strain can
be thought of as an additional contribution to the enthalpy of mixing term in the calculation
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of Gibbs free energy. The most famous example of dopant stabilization is yttria-stabilized
zirconia.164 The addition of yttrium, a trivalent cation, in zirconia is compensated by the
formation of oxygen vacancies. These vacancies stabilize the tetragonal phase, desired for
its low thermal conductivity, over the bulk stable monoclinic phase.

In the case of bixbyite, initial doping experiments with aluminum, indium, chromium,
and cerium all enhance the stability of the bixbyite phase over corundum, requiring higher
temperatures or longer annealing times in order for transformation to proceed. Figure 5.1
shows in situ XRD of undoped and 2% Ce-doped sample heated to 900°C, showing quick
transformation in the former case and no transformation in the latter. This demonstrates the
validity of this approach to enhancing stability, although the underlying mechanism is not
yet understood as the oxidation state and location of the Ce dopant is so far uncharacterized
in this sample. Future work in this regard must focus on understanding how dopant species,
dopant location within the lattice, and dopant location within the nanocrystal (i.e. surface
or uniformly doped) collaborate to enhance stability of the bixbyite polymorph. Again, these
experiments can be supported by DFT to gain an understanding of how the introduction of
dopants in�uences energetic di�erences, and thus identify promising dopant candidates.

Figure 5.1: In situ XRD scans of a) undoped bixbyite and b) bixbyite doped with 2% Ce
heated to 900°C. A transformation to corundum phase is apparent in the undoped sample
while the bixbyite phase persists in the doped sample.

5.4 VO2 for Thermochromic Window Applications

5.4.1 Nanocomposite Formation

In order to utilize VO2 for thermochromic window applications, two major concerns must �rst
be addressed.156 First, the phase transformation temperature must be lowered. Strategies to
lower this MIT transition are well established, and include the introduction of dopants (e.g.,
W or Mg) and the application of strain.13�15 The second concern is the low transmittance of
visible light, yielding windows that appear yellow or brown in color. Visible transmittance
can be improved by decreasing �lm thickness, but this has the e�ect of decreasing the
modulation of IR light between low and high temperature states. Indeed, simultaneously
maximization of visible transmittance and IR modulation has proven challenging, and is the
subject of much research in the �eld of VO2 thermochromism.

15,138,165
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One proposed solution to this problem involves the formation of VO2 nanocomposites,
consisting of VO2 embedded in a high dielectric matrix.138 Nanocomposites can be pre-
pared from colloidal nanocrystals, as demonstrated previously by the Milliron group for the
formation of dual-band electrochromic composites via the in�lling of porous assemblies of
nanocrystals or the formation of metal oxide cluster coatings on nanocrystals in solution
before �lm deposition.166,142 Unfortunately, VO2 cannot yet be prepared colloidally. Rather,
�lms of bixbyite V2O3 NCs must be annealed under low oxygen partial pressures to trans-
form to nanocrystalline VO2 as described in Chapter 4 and thus, the route to nanocomposites
must allow for this oxidation process to occur.

One strategy to form VO2 nanocomposites from V2O3 NCs involves in�lling the pores
of an already converted VO2 NC �lm with a metal oxide precursor solution, followed by
annealing to form metal oxide. Initial attempts utilized sol gel as an in�lling solution,
however the resulting sols were found to be too large to penetrate the NC �lm pores. Instead
a metal precursor solution which crystallizes by means of combustion chemistry was used as
an in�lling solution.167 Optimization of solution concentration and spin conditions yielded
in�lled nanocomposites which, unfortunately, did not possess improved optical properties
when compared to pristine NC �lms. As pore sizes in the densely packed NC �lm are small,
the problem may be that the volume fraction of VO2 is too large. Therefore, future work
will involve templating the VO2 NCs in order to introduce larger pores for in�lling, thus
increasing the volume fraction of matrix material in the composite.

5.4.2 Size Control and E�ect on MIT

In order to determine the parameters under which V2O3 is converted to VO2, oxygen partial
pressure, annealing time, and temperature were varied and the resulting NCs were char-
acterized to determine particle morphology and phase. In the course of this investigation,
annealing temperature was found to a�ect the resulting VO2 crystallite size, with higher
temperatures yielding larger particles. This is demonstrated by the scanning electron mi-
croscope images of �lms annealed at di�erent temperatures in 250 ppm O2 in N2 in Figure
5.2. In situ XRD performed in a 2θ range containing the most intense peaks of V2O3 (at
33°) and VO2 (at 27.5°) also supports this observation. Narrower VO2 peak widths, cor-
responding to larger crystallite sizes, are observed with increasing annealing temperature.
Another apparent trend is that as temperature increases, the time required for VO2 to form
decreases, likely due to enhanced kinetics of oxygen di�usion. Furthermore, VO2 peak width
does not appear to decrease any further with increasing time, suggesting that particle size
is fairly constant after conversion. In order to quantify the e�ect of temperature and time
on crystallite size, however, a full Scherrer analysis of peak width must be performed.
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Figure 5.2: SEM images of VO2 nanocrystalline �lms prepared from bixbyite NCs annealed
at a) 350 °C, b) 375°C, and c) 387°C for 1 hour in an atmosphere of 250 ppm O2 in N2. In
situ XRD of the bixbyite V2O3 to monoclinic VO2 transition for �lms held at a) 350 °C, b)
375°C, and c) 387°C in same atmosphere. White dotted lines mark transformation time.

Initial characterization of MIT temperature was performed via in situ Vis-NIR spec-
troscopy. Transmittance scans were taken every 5-10°C while heating and cooling the �lms,
as shown for a sample annealed at 362°C in Figure 5.3a. A plot of transmittance at 2000 nm
as a function of temperature for the same sample is shown in Figure 5.3b, which could then
be �t to a modi�ed Fermi function to determine transition temperature. This was repeated
for samples annealed at temperatures between 356°C and 400°C and transition temperature
was plotted as a function of annealing temperature (Figure 5.3c). A slight depression in
transformation temperature at lower annealing temperatures is apparent, while hysteresis
width remains fairly constant. It is unclear whether this depression is a result of smaller
crystallite sizes at low annealing temperature or if varying concentrations of oxygen defects
also play a role. Therefore, future work in this area will require characterization of oxidation
state within the nanocrystal, which can be garnered from V K-edge position, as in Figure
4.4b.
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Figure 5.3: Optical changes through thermochromic transition in VO2. a) Transmittance
curves at di�erent temperatures for NC �lm annealed at 362°C in 250 ppm O2 in N2. b) Plot
of transmittance value at 2000 nm as a function of temperature during heating and cooling
of NC �lms annealed at 362°C in 250 ppm O2 in N2, with �t to modi�ed Fermi function.
c) Transition temperature during heating and cooling (along with average of the two) for
NC �lms annealed at di�erent temperatures in 250 ppm O2 in N2. Dashed gray line denotes
transition temperature in bulk VO2.

5.5 Identi�cation of Unknown Phases

Throughout this investigation of vanadium oxide nanocrystals, several unidenti�ed phases
have been observed. In chapter 2, unknown or amorphous phases were obtained by varying
the ratio of oleic acid and oleylamine in the reaction. In chapter 3, the incorporation of
oxygen interstitials eventually resulted in a transformation to an unknown, oxidized phase
of vanadium oxide. Finally, in Chapter 4, a transformation to an unknown phase upon
the electrochemical reduction of VO2 was reported, likely due to instabilities in the lattice
caused by oxygen vacancy formation. In the latter case, EXAFS analysis yields a decent
�t to V3O5, although additional characterization of the phase is ongoing. This abundance
of unknown phases is unsurprising given the structural complexity of vanadium oxides and
the fact that the material is nanosized, which may alter thermodynamics to the extent that
unstable or never before seen phases are stabilized. Indeed, although very few instances of
colloidal vanadium oxide nanocrystals exist, those that do possess unknown or unexpected
phases.143

All unknown phases encountered in this work have been compared to known compounds
and phases of vanadium oxide, particularly the compounds with stoichiometry between that
of V2O3 and VO2, namely the Magnéli phases V3O5, V4O7, V5O9, V6O11, V7O13, V8O15,
and the di�erent polymorphs therein, as well as the other known polymorphs of V2O3 (mon-
oclinic, corundum) and VO2 (M1, M2, A, B, R, T). Given bixbyite's similarity to the �uorite
structure, we have also investigated �uorite and derivative pyrochlore and weberite struc-
tures. Unfortunately, none of these have yielded �ts to the unknown phases. It may be
possible to utilize unit cell �nding programs to narrow down a crystal lattice, but this
is complicated by the fact that the materials are nanosized, resulting in broadened X-ray
di�raction peaks and a higher degree of structural disorder compared to the bulk. Moving
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forward, the identi�cation of these phases will require the use of specialized techniques, such
as convergent beam electron di�raction to identify symmetry operations within the crystal
structure, neutron di�raction for corroborating oxygen ion position, and additional V K-edge
EXAFS to determine local order surrounding each vanadium atom.
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Appendix A

Supporting Information for Chapter 2

This appendix includes additional TEM images and size histograms of the bixbyite NCs,
FTIR spectra used in the analysis of reaction mechanism, TEM images and XRD scans of
NCs made under di�erent reaction conditions, details on Rietveld Re�nement, and UV-vis-
NIR spectra used for the determination of band gap.

A.1 Experimental Supporting Information

Figure A.1: Small nanocrystals separated from nano�owers by size selective precipitation
with average diameter a) 12.0 ± 3 nm, b) 8.0 ± 2 nm, c) 6.1 ± 1.2 nm, and d) 4.5 ± 1.0 nm.
e) Corresponding XRD patterns of samples a-d show that smallest nanocrystals no longer
possess bixbyite crystal structure.
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Figure A.2: Faceted nanocrystals form at elevated temperatures (370°C and above). Lattice
spacing of 0.27 nm matches spacing between (222) planes in the bixbyite structure. XRD
scan can be indexed to pure bixbyite phase.
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Figure A.3: Representative TEM images and histograms showing size distribution of
nanocrystals synthesized at 340°C for a) 0 minutes with fast quench, b) 0 minutes with
slow cooling, c) 1 hour, d) 4 hours, and e) 24 hours.

Figure A.4: TEM images of nanocrystal made with a) excess oleylamine (6 mmol oleylamine
with 4 mmol oleic acid) and b) excess oleic acid (6 mmol oleic acid with 4 mmol oleylamine).
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Figure A.5: FTIR spectra of reaction mixture collected at various temperatures during the
heating of the reactants without the addition of a) oleic acid and b) oleylamine.
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Figure A.6: FT-IR spectra of vanadyl acetylacetonate (red), oleylamine (blue), and a mix-
ture of 1 mmol vanadyl acetylacetonate and 4 mmol oleylamine stirred at room temperature
until completely dissolved (black). The V=O stretch peak, originally located at 994 cm-1

in vanadyl acetylacetonate, shifts to either lower or higher wavenumber in the oleylamine
mixture (963 cm-1 or 1022 cm-1). This is evidence of a change in ligand binding environ-
ment surrounding the vanadyl ion, therefore supporting the hypothesis that oleylamine and
vanadyl acetylacetonate form a complex in solution. The peak at 1017 cm-1 in the vanadyl
acetylacetonate can be indexed to the CH3 rocking absorption, the peak at 967 cm-1 in the
oleylamine is the C-H out of plane bend in C=C-H, and the peaks at 934 and 928 cm-1 is
the C-CH3 stretch.
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Figure A.7: a) XRD pattern and b) TEM image of nanocrystals synthesized with 2 mmol
oleic acid and 2 mmol oleylamine. The nanocrystal morphology and size do not appear to
be di�erent than those made using 4 mmol oleic acid and 4 mmol oleylamine. An impurity
phase (*) evident in the XRD scan can be indexed to the metastable VO2-A phase. The data
was modeled using the program Crystal Di�ract and was found to contain approximately
75% bixbyite phase and 25% VO2-A phase.

Figure A.8: a) XRD scan and b) TEM image of nanocrystals synthesized using 4 mmol
oleylamine and no oleic acid. The XRD scan cannot be indexed to any known phase. The
TEM shows a network of small (~5 nm) nanocrystals.
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Table A.1: Rietveld Re�nement Parameters and Results
Crystal Dimensions 5-30 nm
Crystal System Cubic
Space Group Ia-3

Unit Cell Dimensions a=9.36337(8) Å
Unit Cell Volume 830.911(22) Å3

Calculated Density 4.852 g/cm3
2θ Range 15-80°
Radiation Cu Kα 1+2
Wavelength 1.541 Å

Temperature of Measurement 25°C
Absorption Corrections Performed? yes
Method of Re�nement and Program GSAS + EXPGUI

Number of Re�ned Parameters 14
Rp 1.75%
Rwp 2.31%
χ
2 2.339
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Figure A.9: a) UV-Vis spectra of bixbyite nanocrystals suspended in tetrachloroethylene.
b) (αhν)2 plotted versus energy in order to determine the direct band gap, which was found
to be 1.29 eV.
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Figure A.10: XRD patterns of bixbyite nanocrystals after annealing in air for a) 12 hours
100°C and for 30 minutes at b) 300°C, and c) 400°C. The red and blue lines indicate the
position of the XRD peaks for V3O7 and V2O5, respectively. No further oxidation occurs
above 400°C. d) TEM image of bixbyite nanocrystals on SiN grid after annealing at 400°C
for 30 minutes (see Figure 2c for TEM of as-deposited nanocrystals).
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Appendix B

Supporting Information for Chapter 3

This appendix includes TEM, XRD, and size histograms of nanocrystals in di�ering states
of oxidation, Rietveld re�nement, a description of how transformation time is determined,
and additional in situ XRD and TGA of the reduction process. The theoretical section
includes information on how density functional theory was performed, initial parameter
testing of exchange correlation functional, Hubbard U value, and magnetic ordering, as well
as a description of the use of the Birch Murnaghan equation to determine equilibrium energy
and volume.
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B.1 Experimental Supporting Information

Figure B.1: Size distribution histograms, representative TEM images, and XRD patterns
of as-synthesized NCs (a,d,g), NCs oxidized in air at 125°C for 2 hours (b,e,h), and NCs
reduced after oxidation by annealing in nitrogen at 325°C for 1 hour (c,f,i). The average NC
diameter of each sample is 31.0 ± 6.9 nm, 31.0 ± 7.5 nm, and 33.1 ± 7.4 nm, respectively,
with over 200 NCs measured by TEM for each.
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Figure B.2: Rietveld re�nement �ts and residuals for samples annealed in air at 125°C for
a) 0, b) 10, c) 20, d) 30, and e) 40 minutes.
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Figure B.3: Determination of transformation time from maximum �rst derivative of shoulder
peak intensity (area between white dotted lines) with respect to time for isotherms at a)
100°C, b) 125°C, and c) 150°C. d) Transformation time could also be determined from the
minimum �rst derivative of peak position with respect to time as shown for the isotherm at
125°C. Both methods yield similar results.
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Figure B.4: Reduction of oxidized bixbyite as observed by in situ XRD under helium �ow
(a, b, and c) and corresponding temperature pro�les (d, e, and f). The peak present at ~2.1
and 2.42 Å-1 in all samples is from the beryllium dome.

The �gure above shows in situ XRD scans from an already oxidized and transformed sample
heated under helium �ow at 250, 325, and 400°C. The characteristic peak and shoulder of
the unknown phase merge into one peak, characteristic of the bixbyite phase. The position
of the peak after reduction is dependent on temperature, with higher temperatures resulting
in peak positions closer to that of stoichiometric bixbyite and faster reduction kinetics.
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Figure B.5: TGA scan showing initial oxidation (125°C for 50 min) followed by reduction of
bixbyite NCs. Weight loss was measured (left axis) as temperature was increased by intervals
of 100°C up to 500°C, with the temperature shown on right axis. Ligands were decomposed
prior to TGA scan, by annealing in a tube furnace at 400°C for 2 hours in nitrogen.

Under nitrogen �ow, weight loss was measured as temperature was increased by steps
of 100°C. Initial weight loss at 100 and 200°C is minimal, but increases with temperature
such that the largest decrease in weight occurs at 500°C. The equilibrium concentration of
oxygen interstitials is clearly dependent on both atmosphere and temperature, with higher
temperatures resulting in lower oxygen interstitial content during the reduction process in
inert gas.
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Figure B.6: Weight percentage (black/left) and derivative of weight percentage with respect
to time (red/right) as a function of time while heating in nitrogen to 325°C. The maximum
change in weight occurs at approximately 13 minutes, at which point the temperature is still
ramping and is equal to 310°C. This is the same time at which a rapid change in lattice
parameter is observed by in situ XRD, and thus, likely corresponds to a point at which a
large amount of oxygen exits the lattice.
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Figure B.7: TGA scan while cycling between argon �ow at 400°C and air �ow at 125°C with
large initial weight loss due to ligand decomposition.
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B.2 Density Functional Theory Supporting Information

Table B.1: Exchange Correlation Functional Testing
Volume (Å3) Band Gap (eV) ΔE0/f.u. vs.

monoclinic (eV)
Functional Mon. Cor. Bix. Mon. Cor. Bix. Mon. Cor. Bix.

PBEsol (V_pv) 202.75 306.01 841.13 0.285 0.032 0.155 0 0.067 0.071
PBEsol (V_sv) 202.32 305.29 839.37 0.293 0.035 0.155 0 0.069 0.079

PBE 210.91 318.18 871.70 0.666 0.086 0.532 0 0.057 -0.003
PW 210.04 316.79 868.96 0.562 0.007 0.432 0 0.056 0.004
LDA 194.37 294.51 803.16 0.029 0.026 0.003 0 0.100 0.184

experiment 199.94 296.94 829.68 0.6 0 >0 0 >0 >cor.

A variety of exchange correlation functionals and pseudopotentials were tested to determine
the one that most closely matched experimental values. The PBEsol and LDA functionals
were found to perform the best with respect to unit cell volumes, with the results within
±5% of experiment italicized. These two functionals also described the energetics correctly,
with monoclinic phase having the lowest energy per formula unit, followed by corundum
phase, then �nally bixbyite. However, the functionals which performed well with respect
to volume and energy failed to describe the electronic properties of the materials correctly.
At the very least, the semiconducting monoclinic and bixbyite phases should have a band
gap greater than zero, and the metallic corundum phase should have a band gap of zero.
The functionals satisfying these conditions are italicized, with the PW functional performing
best. The PBEsol functional with V_sv pseudopotential was chosen for the remainder of
the calculations, as structure and energetics are most important for this study. This testing
was done with spin polarization for all phases and an antiferromagnetic moment set for the
monoclinic phase, but not yet for bixbyite.168 The U and J values used here were U=2.8 and
J=0.93, values which have been used in previously in the literature.169
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Table B.2: Magnetic Ordering in Bixbyite
Ordering Volume (Å3) Band Gap (eV) ΔE0 (eV)

No spin polarization 772.25 0.000 -668.25
Ferromagnetic 839.37 0.155 -702.91

Antiferromagnetic a 832.99 0.661 -704.14
b 833.11 0.653 -704.19
c 833.65 0.166 -703.35
d 833.94 0.608 -704.00

Experiment 829.68 >0

Antiferromagnetic ordering in bixbyite yields the largest band gaps and lowest energies.
Several collinear orderings were tested, and the ones which converged are listed in Table B.2
and the subsequent �gure, with blue atoms representing spin up and purple representing
spin down. The ordering with the lowest overall energy, labeled b, was chosen. These tests
were done with U and J values of 2.8 and 0.93, respectively. The chosen ordering is such
that all nearest neighbor vanadium atoms in d-sites have opposing spins.
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Figure B.8: a) The change in energy per formula unit versus the monoclinic phase and b)
band gap plotted as a function of U value, with �ner detail in c) and d)

When antiferromagnetic ordering is imposed on the bixbyite phase, its energy becomes
lower than that of the monoclinic phase and thus its metastable nature is no longer described
accurately. In order to remedy this, the U value correction scheme was further tested. The
Liechtenstein scheme, where both U and J values are assigned, was ruled out after failing to
describe the system at any combination of values. Thus a Dudarev scheme, requiring a single
U value, was utilized instead. Polymorph stability (a) and band gap (b) were �rst determined
over a coarse range of Dudarev-type U values between 1 and 5. In terms of polymorph
stability, monoclinic phase should have the lowest energy, followed by corundum phase then
bixbyite. This is true for values below 4 in the case of bixbyite without antiferromagnetic
(AFM) ordering and below 3 for bixbyite with AFM ordering. Furthermore, U must be kept
below 3 to accurately describe the metallic nature of corundum phase, however this also
results in a band gap of zero for bixbyite without AFM ordering. Therefore, AFM ordering
in bixbyite is not only favored energetically relative to bixbyite without AFM ordering, it is
necessary to concurrently describe the electronic structure of corundum and bixbyite.

The analysis was repeated for U values between 2 and 3. Corundum should have a band
gap of zero, ruling out U values above 2.8. U values of 2.5 and greater are ruled out because
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bixbyite becomes more stable than corundum at these values. The monoclinic phase's band
gap of 0.6 eV is matched at U=2.5, but this does not describe the energetics well. In order
to best describe both energetics and band gap, the value of U=2.2 was chosen.

It is worth noting here that this is the �rst instance in which a U value of 2.2 eV is used
to describe the vanadium sesquioxide system. In many papers, the U and J values of 2.8 and
0.93 eV are utilized. However these values no longer accurately describe the system when
the bxibyite phase and its antiferromagnetic ordering are included. A vanadium U value
of 3.25 eV, determined by �tting experimental binary formation enthalpies, was previously
suggested by Wang et al.121 Again, this fails to describe the system when used in conjunction
with the PBEsol functional as it results in a non-zero band gap in corundum.

Figure B.9: Oxygen interstitial mapping along the body diagonal of the bixbyite lattice using
di�erent DFT parameters

This analysis was done in Figure 3.3 without spin polarization and with a di�erent U and
J value than was used for the rest of the analysis (U=2.8 and J=0.93 rather than U=2.2).
Therefore, this analysis was repeated with spin polarization, antiferromagnetic ordering,
and the U value of 2.2 eV for the case of interstitials placed along the body diagonal. The
resulting energies (relative to the minimum energy value) are quite similar, with minima
occurring at (0.15, 0.15, 0.15) and (0.35, 0.35, 0.35) in all cases.
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Figure B.10: Bixbyite unit cell energy as a function of volume. The data was �t to the Birch
Murnaghan equation (dashed line) using the parameters in Table B.3. A U value of 2.2 eV
was used in this analysis.

Table B.3: Birch Murnaghan Fitting Parameters
Parameters Value
E0 (eV) -689.52
V0 (Å3) 834.19 ± 0.0307

B0 (eV/Å3) 1.29
B0' (dB/dP) 4.78

To determine the equilibrium lattice parameter of the cubic bixbyite unit cell, the Birch
Murnaghan equation was employed114:

E(V ) = E0 +
9V0B0

16


[(

V0
V

)2/3

− 1

]3
B′0 +

[(
V0
V

)2/3

− 1

]2 [
6− 4

(
V0
V

)2/3
]

Where E0 is the equilibrium energy of the cell, V0 is the equilibrium volume, B0 is
the elastic modulus, and B0' is the derivative of elastic modulus with respect to volume.
Cell volume, V, was �xed and ion positions were relaxed, yielding cell energy, E. This was
repeated for a range of volumes, and the resulting energy vs. volume curve was �t to the
Birch Murnaghan equation to determine equilibrium volume and energy.
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Figure B.11: Volume expansion as a function of oxygen interstitial concentration as calcu-
lated by DFT. A U value of 2.2 eV was used in this analysis.

The equilibrium unit cell volume of bixbyite with di�ering amounts of oxygen interstitials
was obtained by full relaxation (leading to a subtle trigonal distortion) and by using a Birch
Murnaghan �t to �x cubic shape (Figure B.10). At lower levels of oxygen interstitials, cell
volume remains largely unchanged, while at higher levels, the volume rapidly increases. This
non-linear trend agrees with experiment; however a larger number of oxygen interstitials is
required before expansion occurs.
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Appendix C

Supporting Information for Chapter 4

This appendix includes additional experimental methods and data pertaining to optical
changes of VO2 in lithium containing electrolyte and at 100°C, reversibility and cyclability
of darkening and bleaching, comparison of optical changes in air vs argon and of nanocrystal
vs planar �lms, and an EXAFS �t of unknown state to V3O5.

C.1 Additional Methods

C.1.1 Planar Film Preparation

Planar �lms were prepared from vanadium oxide clusters previously described in the litera-
ture.148 Brie�y, ammonium metavanadate (0.5 mmol) (Sigma Aldrich, 99%) was dissolved in
12.5 mL of a 0.2 M oxalic acid solution (1:5 molar ratio) (Sigma Aldrich, 98%) and diluted
to a total volume of 15.0 mL. Changing the volume of the oxalic solution added resulted in
di�erent vanadium oxide clusters (Figure C.7a). After stirring for 72 hours, the blue solution
was concentrated to ~2 mL using nitrogen gas �ow. Excess oxalic acid crashed out of the
solution and was removed by �ltration. The remaining solution was dried completely and a
75 mg/mL solution was prepared in a 90% ethanol, 10% water solution. The solution was
then spin coated onto cleaned ITO or silicon substrates at 3000 rpm for 60 s followed by a
drying spin at 4000 rpm for 30 s. Immediately following spin coating, �lms were placed on a
90°C hot plate for 2 min. The �lms were then annealed in a slightly oxidative environment
(167-250 ppm O2) at 525°C for 1 hour to produce a brown tinted VO2 �lm (Figure C.7c),
which was con�rmed with XRD (Figure C.7d). Planar VO2 �lm thickness was determined
to be 71 nm.

C.1.2 Extended X-ray Absorption Fine Structure Fitting

The `bleached' state, accessed by applying a -1.5 V potential to a VO2 �lm at 100°C for 10
minutes, was shown by XANES to have a formally reduced vanadium charge (< +4), and
is optically insulating. The Magnéli phase V3O5 (ICSD Coll. Code 16445) is known to be
insulating at temperatures below 430 K, and was simulated to �t the EXAFS data collected
for the bleached state.170�172 Several other V-O Magnéli phases and VO2 polymorphs were
simulated to �t the EXAFS data for the bleached state, but no other phase was found to have
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a physically meaningful R-factor �t below 0.10 while also demonstrating insulating behavior
below 100°C.

EXAFS structural simulations were calculated using FEFF6 implemented in the IFEF-
FIT (1.2.11d) package of Artemis173,174 from crystallographic information �les obtained from
ICSD Coll. Code 16445 (Figure C.9).170 Fits were performed using simultaneous k2 and k3

weighting of the real component of the Fourier transforms across a �tting region of R=1-4
Å. The small dimensions and high likelihood of surface strain and defects in the nanocrys-
talline VO2 �lms are expected to distort the mean free paths and thermal deviations in the
EXAFS, so bounded constraints were placed on the mean-square radial displacement (i.e.
Debye-Waller factor, σv2), amplitude reduction factor (S02) and 3rd cumulant to �t the EX-
AFS to the data with physically reasonable structural parameters. The simulated paths for
V3O5 were generated using the Artemis package with the FEFF `Aggregate' function, by gen-
erating paths from each of the four absorbing vanadium atoms in the structure and bundling
the generated paths into a set of e�ective paths, using a 7.56 Å cluster. The coordination
number was �xed using the calculated degeneracies from the FEFF path calculations, and
the mean-free path deviations were �t using an isotropic expansion factor (α) for all paths to
minimize the number of free parameters. Furthermore, the edge energy shift and amplitude
reduction factor were both held constant across all paths. Experimental uncertainty was
calculated by Artemis' built-in algorithm.
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C.2 Experimental Supporting Information

Figure C.1: Set-up used in VT-SEC experiments. The entire system was house in an argon
glovebox to minimize any e�ects from oxygen and water. Experiments were also performed
in an air environment (Figure C.6) by moving the entire SEC set-up out of the glovebox.
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Figure C.2: Optical image of a VO2 NC �lm a) with and b) without electrochemical reduction
in an electrolyte consisting of 0.1M Li-TFSI. c) The electrochromic behavior in this case was
irreversible as the Li+ ions that intercalate into the VO2 lattice are unable to deintercalate.
Khan and co-workers observed similar behavior using ex-situ transmittance and conductivity
measurements.145
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Figure C.3: Electrochromic behavior of VO2 NC �lms at 100°C. Films were brought to the
rutile phase thermally before applying a reducing potential with traces taken every 5 minutes
until saturation. The bleaching in this case was achieved with much faster kinetics due to
the increased rate of di�usion of oxygen out of the lattice and the conductive nature of the
rutile NCs. Complete bleaching was observed after ≈40 minutes at -1.5 V vs NHE.

Figure C.4: a) Transmittance as a function of wavelength at 30°C showing initial monoclinic
state, darkened state (reduced at -1 V for 3 hours), and recovered monoclinic state (oxidized
at +1 V for 4 hours). b) Transmittance at 2000 nm and charge as a function of time as �lm
is cycled between -1V vs NHE for 3 hours and +1V vs NHE for 4 hours at 30°C.
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Figure C.5: a) Transmittance as a function of wavelength at 100°C showing initial rutile
state, bleached state (reduced at -1.5 V for 10 min), and recovered rutile state (oxidized at
+1 V for 10 min). b) Transmittance at 2000 nm as a function of time and charge as �lm is
cycled between -1.5V and +1V vs NHE for 10 minutes each at 100°C.
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Figure C.6: Comparison of the electrochromic behavior of VO2 NC �lms in an argon (a, b)
and air (c, d) environment at 30°C. For experiments in an air environment, the 0.1M TBA-
TFSI electrolyte was bubbled with air for 2 hours. The coloration e�ciency was determined
by taking the slope of the linear portion of the curve in parts b and d. While electrochromism
was observed for �lms in both argon and air environments, when application of the reducing
potential ended the NIR transmission slowly returned to its original state only in the air
environment. We attribute this observation to the oxidation of the reduced state in the
presence of oxygen. A lower coloration e�ciency is calculated for the air environment as the
oxygen is continuously oxidizing the �lm during the reduction process, consuming a large
part of injected charge.
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Figure C.7: Characterization of VO2 �lms prepared from molecular clusters to generate
planar �lms. a) Optical images of vanadium oxide molecular clusters prepared from noted
ratios of ammonium metavanadate and oxalic acid. Films prepared on conductive substrates
b) before and c) after annealing at 525°C under partial oxygen pressures. d) XRD scan after
annealing con�rming the monoclinic VO2 structure.
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Figure C.8: Comparison of the thermochromic (a,d) and electrochromic (b,c,e,f) properties
of nanocrystalline (a-c) and planar (d-f) VO2 �lms. This data demonstrates the advantage
of the nanostructured �lm as the increased surface area greatly enhances the gating e�ect.

Figure C.9: EXAFS �ts of V3O5 to the bleached state.
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Figure C.10: Normalized XAS data and k3 EXAFS data for monoclinic, rutile, darkening,
bleaching, and bleached states.
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